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Komagataeibacter hansenii ATCC 23769 is a gram negative, non-pathogenic, acetic acid 
bacterium, best known for its ability to produce bacterial cellulose (BC). BC, an extracellular 
polysaccharide, is an important component of biofilms as it promotes anchoring to surfaces for 
nutrient acquisition and protection from environmental stress. BC has been long studied 
however, there is a lack of research pertaining to the regulation of BC production. In this thesis, 
the functional role of a putative free methionine sulfoxide reductase (MsrC) was characterized 
using a knockout mutant. The growth of the mutant was greatly affected by the presence of 
ethylene, abscisic acid and indole-3-acetic acid while oxidative stress increased BC production. 
Fructose-grown cultures produced more reactive oxygen species than in glucose. Oxidative stress 
upregulated genes involved with survival, growth, cellulose production, and stress defense. 
Therefore, MsrC is both phytohormone and oxidative stress responsive, coordinating cellular 
functions such as growth and BC production.   
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1.1 Komagataeibacter spp. 
 Komagataeibacter spp. are acetic acid bacteria (AAB) belonging to the family 
Acetobacteraceae. These bacteria are prevalent in nature and can be found on flowers and fruit 
(Kahlon & Vyas, 1971) where there is high sugar content. These bacteria also play an important 
role in industry. Acetic acid bacteria are strictly aerobic and can grow on liquid surfaces such as 
wine that is exposed to oxygen (Joyeux, Lafon-Lafourcade, & Ribéreau-Gayon, 1984). These 
bacteria are able to oxidize ethanol to form acetic acid during fermentation which can spoil wine 
(Guillamon, 2017).  
Komagataeibacter hansenii (formerly Gluconacetobacter and Acetobacter) is a gram-
negative, non-pathogenic, and acetic acid producing bacterium (Hestrin & Schramm, 1954; 
Schramm & Hestrin, 1954). Komagataeibacter spp. are best characterized by their ability to 
produce cellulose which is important for survival of this organism and anchoring the organism to 
a nutrient source.  
 
1.2 Cellulose 
1.2.1 Structure of Cellulose 
 
The organic polysaccharide cellulose is synthesized by many organisms ranging from 
plants to bacteria (Kawano et al., 2002; Saxena, Dandekar, & Brown, 2002). The structure of 
plant-derived cellulose is similar to bacterial cellulose (BC) however, BC has unique properties 
such as high tensile strength (Vandamme, De Baets, Vanbaelen, Joris, & De Wulf, 1998), high 
elasticity (Nishi et al., 1990), and a high-water holding capacity (Okiyama, Motoki, & 
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Yamanaka, 1993). Cellulose consists of D-glucose molecules connected through β-1,4-glycosidic 
linkages and each residue is rotated 180°  in order to form cellobiose: the disaccharide unit of 
cellulose (Kolpak & Blackwell, 1976; O'sullivan, 1997). Two dominant forms of cellulose exist: 
cellulose I (native cellulose) and cellulose II (regenerated cellulose). Cellulose I has β-1,4 glucan 
chains ordered in parallel with the same polarity while cellulose II is less ordered (Kolpak & 
Blackwell, 1976; Yue, 2011). Cellulose I glucan chains run in parallel and have the same polarity 
which results in a highly crystalline structure with high tensile strength. Cellulose II has glucan 
chains which do not have a highly ordered parallel organization which causes the resulting 
structure to be more amorphous making it less crystalline and therefore weaker (Brown, Saxena, 
& Kudlicka, 1996; Ciolacu, Ciolacu, & Popa, 2011). Bacterial cellulose has a great number of 
uses that span the food industry for making gelatinous materials for food such as nata de coco 
which acts as a dietary fiber (Okiyama, Motoki, & Yamanaka, 1992). Nata de coca can be used 
in desserts, fruit cocktails, and jellies (Jagannath, Kalaiselvan, Manjunatha, Raju, & Bawa, 
2008). Other uses of bacterial cellulose extend all the way to medicine for making artificial 
arteries (Fontana et al., 1990; Wippermann et al., 2009) and wound dressing for burns 
(Muangman, Opasanon, Suwanchot, & Thangthed, 2011). Therefore, cellulose has immense 
value for many different applications.  
 
1.2.2 Synthesis of Bacterial Cellulose/Pellicle Formation 
 
Komagataeibacter spp. synthesize cellulose using the bacterial cellulose synthesis (BCS) 
complex; BcsA, BcsB, BcsC, and BcsD which spans the inner and outer membrane (Römling & 
Galperin, 2015; Saxena, Kudlicka, Okuda, & Brown, 1994; Wong et al., 1990). Four bacterial 
cellulose synthase (bcs) genes encode these proteins (bcsA, bcsB, bcsC, and bcsD, respectively) 
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and were initially characterized in K. xylinus (Saxena et al., 1994; Saxena, Lin, & Brown, 1990; 
Wong et al., 1990). Cellulose is first synthesized on the cytoplasmic side of the bacterial inner 
membrane (Figure 1) then it passes through the periplasmic space and is subsequently extruded 
to the extracellular environment (Bureau & Brown, 1987).  
BcsA is the catalytic subunit responsible for cellulose synthesis and through its eight 
transmembrane domains (clusters of 4+4), forms the transmembrane (TM) pore across the inner 
membrane (Morgan, Strumillo, & Zimmer, 2013; Omadjela et al., 2013). BcsB is a large 
periplasmic protein that that helps form the TM pore to help guide cellulose to the periplasm 
(Morgan et al., 2013). BcsB is required for activation and stability of BcsA and in some species, 
such as K. xylinus, will form a fusion protein: BcsAB (Morgan et al., 2013; Omadjela et al., 
2013). BcsAB is a hydrophobic protein  located on the cytoplasmic side of the inner membrane 
and has a conserved D,D,D,QXXRW motif which is responsible for cellulose polymerization 
(Bureau & Brown, 1987; Saxena et al., 1994; Sethaphong et al., 2013; Wong et al., 1990). The 
BcsAB complex is allosterically activated by the secondary messenger bis-(3’5’)-cyclic 
diguanylate guanosine monophosphate (c-di-GMP) to facilitate the conversion of uridine 
diphosphate (UDP)-glucose into cellulose (Saxena et al., 2002; Ueda & Wood, 2009). There has 
been some discrepancy in the literature pertaining to the binding site of c-di-GMP. In the past, it 
was believed that c-di-GMP bound to BcsB in Agrobacterium tumefaciens (Amikam & 
Benziman, 1989) and Komagataeibacter xylinus (Mayer et al., 1991). However, in more recent 
studies, it was found that c-di-GMP was bound to a 200 kD protein complex and within that, c-
di-GMP was bound to the C-terminal PilZ domain on BcsA (Amikam & Galperin, 2005; 
Ryjenkov, Simm, Römling, & Gomelsky, 2006; Weinhouse et al., 1997). 
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BcsC is homologous to bacterial proteins that produce membrane channels or pores, it 
extrudes cellulose to the extracellular environment (Saxena et al., 1994; Zaar, 1979). The 
predicted structure is a C-terminal β-barrel with a large N-terminal tetratricopeptide repeat (TPR) 
domain in the periplasm which is believed to facilitate protein-protein interactions with other 
components of the bcs operon (Blatch & Lässle, 1999; Morgan et al., 2013; Römling & Galperin, 
2015).  
BcsD is a cylindrical octameric periplasmic protein (Iyer, Catchmark, Brown, & Tien, 
2011) which contains four channels that facilitate hydrogen bonding between glucan chains as 
they are extruded separately through the channels from BcsC (Hu et al., 2010). In studies that 
characterized bcsD knockout mutants in K. xylinus, it was found that the mutant still synthesized 
cellulose however, the overall yield and crystallinity of the cellulose was much lower (up to 
40%) compared to the wild type (Saxena et al., 1994; Sunagawa et al., 2013; Wong et al., 1990). 
This indicates that cellulose is not effectively being extruded and while BcsD is not essential for 
BC production, it is required for optimal production and crystallization.    
While it has been shown that the genes of the bcs operon contribute to BC production in 








Figure 1: Structural organization of the BCS complex. Four dimers of BcsA (green) are 
activated by c-di-GMP (green triangle with black circle). BcsB (blue rectangles on BcsA) help 
guide the glucan chains through the periplasm. BcsD (orange) crystallizes the glucan chains in 
the periplasm. BcsC (blue rectangle above BcsD) extrudes the cellulose into the extracellular 
environment. Adapted from Augimeri and Strap (2015). 
 
1.3 c-di-GMP 
K. xylinus and K. hansenii have been shown to be model producers of bacterial cellulose 
and surface-associated biofilms (Schramm and Hestrin 1954; Augimeri and Strap 2015). When 
these bacteria find a suitable environment, they will initiate growth and biofilm production to 
establish colonization. When these organisms are grown in static culture, they form a pellicle that 
floats at the air-liquid interface (Schramm and Hestrin 1954). C-di-GMP, a ubiquitous secondary 
messenger, was originally discovered in K. xylinus and is responsible for regulating bacterial 
cellulose production which comprises the pellicle (Ross et al., 1987, Tal et al., 1998; Weinhouse 
et al., 1997). Pellicle formation is controlled by the antagonistic action of diguanylate cyclases 
(DGCs) that contain conserved GGDEF domains and phosphodiesterases (PDEs) that contain 
EAL or HD-GYP conserved domains (Galperin, Nikolskaya, & Koonin, 2001; Simm, Morr, 
Kader, Nimtz, & Römling, 2004). C-di-GMP is formed by the cyclization of two guanosine 
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triphosphates (GTPs) by DGCs, while degradation of c-di-GMP by PDEs results in the 
breakdown of the molecule into linear pGpG and further into two GMP (Figure 2: Simm et al., 
2014). The complex regulation of c-di-GMP is demonstrated by the bi-functional GGDEF/EAL 
and GGDEF/HD-GYP enzymes (Ferreira, Antunes, Greenberg, & McCarter, 2008). The levels 
of c-di-GMP control the activation of BcsA and therefore, control cellulose synthesis (Amikam 
& Benziman, 1989; P. Ross et al., 1987). Binding of c-di-GMP to the PilZ domain of BcsAB 
directly activates the BCS complex (Morgan, McNamara, & Zimmer, 2014). Overall, this 
molecule is known to trigger biofilm formation (such as BC) as well as promoting sessile 
behavior by inhibiting motility (Augimeri & Strap, 2015; Simm et al., 2004; Weinhouse et al., 
1997). Komagataeibacter spp. can respond to environmental stimuli by activating or inhibiting 
DGCs or PDEs thereby modulating the levels of c-di-GMP leading to an increase or decrease in 
cellulose production. While there is little information pertaining to the sensory domains of 
Komagataeibacter spp., both PDEs and DGCs have been found to respond to oxygen (Chang et 
al., 2001; Gilles-Gonzalez & Gonzalez, 2004), redox status (Qi, Rao, Luo, & Liang, 2009), and 




Figure 2: Regulation of bacterial cellulose production from the secondary messenger bis-(3’-5’)-
cyclic diguanylate monophosphate (c-di-GMP). C-di-GMP levels are controlled through the 
opposing action of diguanylate cyclases (DGC) and phosphodiesterases (PDEs). 
 
1.4 GAF Domain Binding and Functions 
 Bacteria must be able to sense and respond to ever-changing environmental conditions. 
Because there are many different types of environmental inputs, there are different types of 
sensory domains found in proteins such as the Per (period circadian protein)-Arnt (aryl 
hydrocarbon receptor nuclear translocator protein)-Sim (single-minded protein) domain (PAS) 
and the cyclic guanosine monophosphate (cGMP) specific phosphodiesterases, adenylyl cyclases 
and FhlA (GAF) domain (Ho, Burden, & Hurley, 2000).  
 PAS domains can either directly or indirectly detect a variety of environmental inputs 
such as redox potential (Rebbapragada et al., 1997), oxygen (Gong et al., 1998; Pellequer, 
Brudler, & Getzoff, 1999), light (Jiang et al., 1999) and are involved with metabolism regulation 
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(Zhulin, Taylor, & Dixon, 1997) and behavioral responses such as leading the bacterium to a 
suitable environment (Rebbapragada et al., 1997). The structure of the PAS domain is very 
similar to the structure of the GAF domain despite limited primary sequence similarity (Ho, 
Burden, & Hurley, 2000). 
The GAF domain is a prevalent, small molecule binding regulatory domain 
(Anantharaman, Koonin, & Aravind, 2001; Aravind & Ponting, 1997) that can be found in all 
three domains of life. It was originally determined that cyclic guanosine monophosphate (cGMP) 
binds to the GAF domains of specific phosphodiesterases in Saccharomyces cerevisiae such as 
PDE2, PDE5 and PDE6 and serve as a class of cyclic nucleotide receptors (Ho, Burden, & 
Hurley, 2000). cAMP was also determined to be a ligand for GAF domains where cAMP binding 
to the GAF domain of cyaB1 (adenylate cyclase: intracellular signal transduction) activated the 
protein (Kanacher, Schultz, Linder, & Schultz, 2002). In cyanobacteria, cyaB1 acts as a cAMP 
switch that can sense and interpret environmental signals and coordinate behavioral changes to 
adapt to the changing environment. Interestingly, the GAF domain has been studied in mammals 
however, very few studies have shown the importance of GAF domains in bacteria. The 
available research focuses on photopigment attachment to the GAF domains of bacterial and 
plant phytochromes where the GAF domain contains a cysteine residue for covalent attachment 
of the photopigments (Davis, Vener, & Vierstra, 1999; Park et al., 2000). GAF domains can be 
found in a large number of proteins (Ho et al., 2000) however there is limited research available 
on the characterization of such proteins in bacteria. GAF domains are found in association with a 
number of other protein domains such as GGDEF and EAL domains (Aravind & Ponting, 1997). 
As stated before, GGDEF and EAL domains are involved in the regulation of cellulose synthesis 
through c-di-GMP (Ross, Mayer, & Benziman, 1991; Tal et al., 1998). However, the ligand 
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binding to a GAF domain in Komagataeibacter spp. and regulation of c-di-GMP has yet to be 
determined.  
While the GAF domain can act as a photoreceptor in plants, there are other plant 
associated molecules that are involved in sensory pathways. In plants such as Arabidopsis 
thaliana, the gaseous plant hormone ethylene binds to an ethylene binding domain (EBD), a 
conserved domain found in five transmembrane ethylene receptors: ETR1, ERS1, ETR2, EIN4, 
and ERS2 (Hua & Meyerowitz, 1998; Hua et al., 1998; Sakai et al., 1998). These ethylene 
receptors can be divided into two groups: group one contains ETR1 and ERS1 which have 
histidine kinase activity and group two contains ETR2, EIN4, and ERS2 which have 
serine/threonine kinase activity (Gamble, Coonfield, & Schaller, 1998; Moussatche & Klee, 
2004). Ethylene receptors act as negative regulators of the response pathway (Figure 3). This 
response pathway is controlled by constitutive triple response-1 (CTR1) which is a 
serine/threonine kinase protein that downregulates the ethylene response pathway when ethylene 
is present by undergoing a conformational change which inactivates CTR1 and therefore, the 
ethylene responses downstream (Clark, Larsen, Wang, & Chang, 1998; Kieber, Rothenberg, 
Roman, Feldmann, & Ecker, 1993). The role that GAF domains play in ethylene signaling is not 
known, however in the carboxy-terminal half of ETR1, there exist regions with homology to 
histidine kinases and receiver domains of response regulators (Chang, Kwok, Bleecker, & 
Meyerowitz, 1993; Mayerhofer et al., 2015). As well, ETR1 has a ligand-binding hydrophobic 
and light signaling implicated GAF domain. 
Previous research by Augimeri and Strap (2015) determined that ethylene enhances 
bacterial cellulose production as well as causes differential gene expression of genes in the bcs 
operon in K. xylinus. Ethylene binding proteins have not yet been identified in Komagataeibacter 
10 
 
spp., so it is unknown whether the bacterial receptors for ethylene contain a GAF domain as they 
do in plants.  
 
Figure 3: Ethylene response pathway in Arabidopsis thaliana. The ethylene receptors (ETR1, 
ERS1, ETR2, EIN4, and ERS2) negatively regulate ethylene response. In the presence of 
ethylene, ethylene receptors are inactivated which in turn inactivates CTR1 which relieves the 
inhibition of the ethylene response. In the absence of ethylene, ethylene receptors activate CTR1 
which suppresses downstream effectors that induce the ethylene response. Adapted from 
Augimeri (2016). 
 
1.5 Oxidative Stress 
In order to grow, aerobic bacteria require molecular oxygen (O2) to obtain nutrients 
(Greig & Hoogerheide, 1941). Considering this, bacteria must also deal with the inevitable 
oxidative stress caused by reactive oxygen species (ROS) which are continuously being 
produced during aerobic metabolism (Bae, Oh, Rhee, & Do Yoo, 2011; Ray, Huang, & Tsuji, 
2012). ROS are formed when O2 is reduced; examples include O2
- (superoxide), H2O2 (hydrogen 
peroxide), and OH- (hydroxyl radical) (Kappus & Sies, 1981). In addition to being toxic, ROS 
can also act as signaling molecules. For example, bacteria can be exposed to oxidative stress 
during plant-microbe interactions. In the rhizosphere (where plant roots meet soil), ROS 
influences the interactions between the roots and microorganisms present in the soil (Jamet, 
Sigaud, Van de Sype, Puppo, & Hérouart, 2003). Plants utilize oxidative stress to prevent 
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pathogenic infection and encourage symbiotic relationships that benefit the plant. In turn, 
microorganisms produce ROS scavenging enzymes, that detoxify the ROS (Nanda, Andrio, 
Marino, Pauly, & Dunand, 2010).  
Oxidative stress can lead to damage of all major biological molecules which can lead to: 
a disruption of lipids, loss of membrane integrity which causes a loss in the proton motive force 
that drives the formation of adenosine triphosphate (ATP) as well as the uptake of nutrients for 
survival, and ultimately leads to mutagenesis and cell death (Cabiscol Català, Tamarit Sumalla, 
& Ros Salvador, 2000; Farr, Touati, & Kogoma, 1988). However, there are defense mechanisms 
that bacteria can use to combat harmful oxidative stress.  
 In E. coli, the primary scavenger of H2O2 is a cytoplasmic perodoxin, Ahp (alkyl 
hydroperoxide reductase), which is a two-component thiol-based peroxidase that reduces H2O2 
by transferring electrons from nicotinamide adenine dinucleotide (NADH) to H2O2 to generate 
H2O (Seaver & Imlay, 2001). In a study conducted on E. coli testing the effect of low levels of 
H2O2, it was found that E. coli will switch on adaptive resistance mechanisms that increase the 
survival of oxidatively damaged cells (Demple & Halbrook, 1983). The peroxide response in E. 
coli and Salmonella typhimurium is accompanied by the synthesis of 30 to 40 polypeptides 
which aid in the adaptive oxidative stress response (Demple & Halbrook, 1983). While inducible 
ROS scavenging enzymes such as peroxidases, catalases, and superoxide dismutases are 
commonly used by a wide range of bacteria to act as protection from oxidative stress, many other 
bacteria employ biofilm or extracellular polysaccharides (EPS) (Soule, Shipe, & Lothamer, 
2016). In E. coli and S. typhimurium, the protein OxyR (hydrogen peroxide-inducible genes 
activator) senses H2O2 and activates the oxidative stress response by activating transcription of 
various genes involved in defense such as ROS scavenger enzymes (peroxidases) and thiol redox 
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buffers (Storz, Tartaglia, & Ames, 1990). Wei et al. (2008) demonstrated in P. aeruginosa that 
when biofilms are exposed to oxidative stress, OxyR promotes a biofilm “lifestyle” where 
metabolism and ROS production is decreased. Another P. aeruginosa study showed that during 
formation of biofilms, endogenous oxidative stress can influence the genetic diversity allowing 
the bacteria to adapt to the environment which assists in survival (Boles & Singh, 2008). Many 
different bacteria have been found to increase the production of biofilms in the presence of a 
stressor to prevent damage from occurring and to improve survival (Čáp, Váchová, & Palková, 
2012; Geier, Mostowy, Cangelosi, Behr, & Ford, 2008; Villa et al., 2012). In P. aeruginosa 
PAO1, an increase in ROS increased c-di-GMP levels which increased the production of the 
exopolysaccharide, Psl (Chua et al., 2016). As mentioned above, c-di-GMP also regulates 
cellulose production by non-pathogenic Komagataeibacter spp. Psl stiffens the biofilm and is 
believed to reduce ROS penetration across bacterial membranes (Chua et al., 2016). Together, 
these studies indicate that EPS production is heavily influenced by oxidative stress in pathogenic 
organisms however, there is little information pertaining to oxidative stress responses in non-
pathogenic organisms involved in plant-microbe interactions such as Komagataeibacter spp.  
Oxidative damage induced by H2O2 has been studied extensively, and has been found to 
affect amino acid residues through oxidation (García‐Santamarina, Boronat, Ayté, & Hidalgo, 
2013). ROS reacts readily with methionine residues to form methionine sulfoxide (Alamuri & 
Maier, 2004; Denkel et al., 2011; García‐Santamarina, Boronat, Ayté, & Hidalgo, 2013; Luo & 
Levine, 2009; Vattanaviboon, Seeanukun, Whangsuk, Utamapongchai, & Mongkolsuk, 2005). 
While oxidative stress has been extensively researched in E. coli, S. typhimurium, and 
Pseudomonas spp., there is little research on oxidative stress in Komagataeibacter spp. and how 
it influences protective measures during the plant-microbe interaction.  
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1.6 The Cellular Importance of Methionine and Methionine Sulfoxide Reductases 
Methionine is required for many cellular functions such as initiation of translation and is 
important for the formation of the cofactor S-adenosylmethionine (SAM) previously called 
active methionine (Cantoni, 1952). When methionine is exposed to ROS, the sulfur residues 
suffer oxidation as they are the most susceptible (Weissbach et al., 2002) and harmful 
methionine sulfoxide (Figure 4) is formed. Methionine can be converted into two different 
epimers of methionine sulfoxide: methionine-(S)-sulfoxide (Met-S-SO) and methionine-(R)-
sulfoxide (Met-R-SO) where the spatial orientation of the oxygen on sulfur differentiates these 
two forms (Weissbach et al., 2002; Zhao, Bizzini, Zhang, Sauvageot, & Hartke, 2013). Both 
Met-S-SO and Met-R-SO can cause damage to proteins by inducing peptidyl breaks leading to 
aggregation and loss of function in the cell, ultimately leading to cell death. To counteract this 
harmful occurrence, methionine sulfoxide is able to undergo reversible modifications through 
methionine sulfoxide reductases (Msrs). Msrs are thiol-based oxidoreductases that can reduce 
and reverse cellular damage by scavenging oxidants to prevent further harmful reactions from 
taking place (Levine, Mosoni, Berlett, & Stadtman, 1996). There are different types of Msrs 
which belong to different families: MsrA, MsrB, and free Msrs (fMsrs). MsrA and MsrB are 
represented in almost all species of bacteria whereas free Msrs were first isolated from E. coli 
(Etienne, Spector, Brot, & Weissbach, 2003) and are more common in prokaryotes as opposed to 
eukaryotes (Lowther, Weissbach, Etienne, Brot, & Matthews, 2002).  
MsrA responds to and acts upon both peptide-bound and free Met-S-SO (Moskovitz et 
al., 2001; Moskovitz et al., 2000), while MsrB responds to and acts upon only peptide bound 
Met-R-SO (Le et al., 2009; Lin et al., 2007; Lowther et al., 2002; Tarrago & Gladyshev, 2012). 
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While both Msrs may function to reduce Met-SO, they are required in order to completely repair 
oxidized proteins (Grimaud et al., 2001).     
The mechanism in which methionine sulfoxide reductases work involves an overall 
transfer of two electrons and two protons (Black, Harte, Hudson, & Wartofsky, 1960). 
Thioredoxin is required by MsrA for this catalytic step as it is crucial for maintaining 
intracellular redox status (Lin, 1999; Mössner et al., 1999). Msrs contain an essential residue, 
Cys-72, that can form a disulfide bridge with both Cys-218 and Cys-227 which facilitates the 
transfer of reducing equivalents from thioredoxin (Lowther, Brot, Weissbach, Honek, & 
Matthews, 2000; Lowther, Brot, Weissbach, & Matthews, 2000). Protonation of Met-SO leads to 
the formation of a sulfonium ion, Cys-72 attacks the sulfonium ion forming a covalent 
intermediate, Cys-218 attacks Cys-72 forming a disulfide bridge producing water and methionine 
(Figure 4), and thioredoxin is required in a series of thiol-disulfide exchange reactions to return 
the active site to its reduced state. It is also important to note that the key positions are conserved 
between studied Msrs (Lowther, Brot, Weissbach, Honek, et al., 2000). 
There exists a third Msr which has been shown to be specific for free Met-R-SO (fRMsr) 
encoded by the msrC gene in E. coli and Saccharomyces cerevisiae (Boschi-Muller, Gand, & 
Branlant, 2008; Gruez, Libiad, Boschi-Muller, & Branlant, 2010; Lee, Le, & Gladyshev, 2008; 
Z. Lin et al., 2007). fRMsr is not present in higher eukaryotic organisms (Le et al., 2009). 
fRMsrs are essential for growth as mutational analyses conducted by Le et al. (2009) concluded 
that the ΔfRMsr in S. cerevisiae decreased the growth of cells on Met-R-SO and that this effect 
was amplified when msrA was knocked out as well. Le et al. (2009) also determined that the 
fRMsr was sensitive to H2O2 as yeast that overexpressed fRMsr showed increased resistance and 
when the fRMsr was deleted, the mutant was sensitive to H2O2. Therefore, the presence of Msrs 
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is important for cell growth, survival, and resistance to oxidative stress through the reduction of 
methionine sulfoxide to methionine and water. While Msrs has been extensively studied in E. 
coli, Pseudomonas spp., and S. cerevisiae, little is known of the contributions of Msrs to 
Komagateibacter spp. growth, BC production, and resistance to environmental stressors.   
Another important aspect of methionine is the production of SAM. The metK gene 
encodes a SAM synthetase (ATP: L-methionine S-adenosyltransferase) for the production of 
SAM from methionine (Markham, DeParasis, & Gatmaitan, 1984). SAM acts as a direct methyl 
donor for a large number of metabolic reactions within the cell ranging from gene expression to 
cell growth (Dryden, 1999; Fontecave, Atta, & Mulliez, 2004; S. K. Shapiro, Yphantis, & 
Almenas, 1964; Wei & Newman, 2002). SAM is synthesized from ATP and methionine using 
the enzyme SAM synthetase. The overall reaction is composed of two steps: methionine being 
converted to SAM and then tripolyphosphate hydrolysis which occurs after the release of SAM 
from the enzyme (Wei & Newman, 2002; Zhao, Wijayasinghe, Bhansali, Viola, & Blumenthal, 
2015). Overall, the formation of SAM is essential for the growth of cells since it acts as a methyl 
donor for the synthesis of nucleic acids, proteins, and lipids.  
SAM is also a precursor for the ethylene synthesis pathway and 5’-S-methyl-5’-
thioribose (MTA) is a degradation product (Adams & Yang, 1977). Researchers found that 
activation of methionine by SAM synthetase to make SAM was a much more efficient method to 
synthesize ethylene compared to the oxidation of methionine from free oxygen radicals (Konze 
& Kende, 1979). There is currently very little known about the contribution of SAM to ethylene 






Figure 4: Structure of A) methionine B) methionine sulfoxide. C) Reaction mechanism for the 
reduction of methionine sulfoxide to methionine with thioredoxin as the reducing agent. In order 
to reduce methionine sulfoxide back into methionine, thioredoxin is required by methionine 
sulfoxide reductases to acts as a nucleophile and accept protons where the resulting reaction 
forms methionine, thioredoxin disulfide and water.    
 
1.7 RhtB 
 While methionine is an important factor in the oxidative stress pathway, the precursor to 
methionine, homoserine, is critical in the stress adaptation pathway as well. Methionine is 
synthesized from homoserine (Figure 5). Homoserine is acylated to form O-succinylhomoserine. 
The acylated substrate is then condensed by cysteine which forms cystathionine, the hydroxyl 
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group side chain is replaced by a thiol group yielding homocysteine, and the transfer of a methyl 
group to the thiol group results in the formation of methionine (Alaminos & Ramos, 2001; 
Zubieta, Arkus, Cahoon, & Jez, 2008). This mechanism is well studied in E. coli, however it is 
not canonical. Homoserine and homoserine lactone buildup within the cell suppresses the growth 
of E. coli (Huisman & Kolter, 1994; Kotre, Sullivan, & Savageau, 1973; Kruse et al., 2002; 
Zucca et al., 2015). RhtB (resistance to homoserine/threonine) is a member of the major 
facilitator superfamily and is the transmembrane efflux protein responsible for the removal of 
homoserine from the cell (Kruse et al., 2002). The function of members of the major facilitator 
superfamily is to build up resistance to environmental stressors such as toxic compounds (e.g. 
antibiotics), organic solvents, and metal ions which all can inhibit cell growth (Kruse et al., 
2002). In E. coli, RhtB is homologous to both YigJ  which is responsible for threonine export 
and LysE which is responsible for lysine export (Vrljic, Sahm, & Eggeling, 1996; Zakataeva, 
Aleshin, Tokmakova, Troshin, & Livshits, 1999). Therefore, RhtB may play a role in the stress 




Figure 5: Synthesis of methionine from homoserine. Homoserine is acylated which forms O-
succinylhomoserine, the acylated substrate is then condensed by cysteine which forms 
cystathionine, the hydroxyl group side chain is replaced by a thiol group yielding homocysteine, 
and the transfer of a methyl group to the thiol group results in the formation of methionine. 
 
1.8 Effect of Phytohormones on Bacterial Cellulose Production  
Bacteria have systems in place to deal with certain stimuli, such as ROS production when 
nutrients are catabolized, and it is known that some bacteria can synthesize phytohormones that 
can influence plant physiology (Arshad & Frankenberger, 1991; Kaper & Veldstra, 1958; Perley 
& Stowe, 1966; Sokolova, Akimova, & Vaishlya, 2011; Spaepen & Vanderleyden, 2011). 
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Komagataeibacter spp. can interact with plants. During such interactions, they are exposed to 
phytohormones that influence their growth, BC production, and reactions to external stimuli.  
Ethylene (Figure 3A), abscisic acid (ABA) (Figure 3B), and indole-3-acetic acid (IAA) 
(Figure 3C) have been linked to cellulose production in K. xylinus (Augimeri & Strap, 2015; 
Qureshi, Sohail, Latos, & Strap, 2013). In the Strap lab, various concentrations of 
phytohormones were tested which affected growth and BC production where ethylene and ABA 
treated cultures increased BC production while slowing the growth rate and IAA treated cultures 
produced less BC and increased the growth rate (Augimeri & Strap, 2015; Qureshi et al., 2013). 
However, while this has been shown in K. xylinus, it has not yet been investigated for K. 
hansenii.  
In plants, ABA promotes fruit ripening by upregulating the production of ethylene 
(Cantín, Fidelibus, & Crisosto, 2007; Lohani, Trivedi, & Nath, 2004) which increases amylase 
activity and catalyzes the formation of sugar from starch and accumulates the sugar (Agravante, 
Matsui, & Kitagawa, 1989; Zhang, Yuan, & Leng, 2009).When fruit ripens, it provides a carbon 
source-rich environment for Komagataeibacter  enhancing their ability to anchor to the plant 
through increased BC production. Ethylene receptors have not yet been identified in bacteria. 
However, Pseudomonas aeruginosa PAO1 and the plant-associated P. putida and P syringae can 
respond to exogenous ethylene through chemotaxis signaling pathways (Kim et al., 2007). A 
mutant with a deletion for a gene involved in chemotaxis, cheR, could not respond to ethylene 
whereas the wild type did respond to ethylene (Kim, Shitashiro, Kuroda, Takiguchi, & Kato, 
2007). Both prokaryotic chemoreceptors as well as plant ethylene receptors use a two-component 
signal transduction systems to do this (Hazelbauer, Falke, & Parkinson, 2008; Shapiro, 1993). 
Plants produce ethylene through the Yang cycle: L-methionine is converted into S-
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adenosylmethionine (SAM) by a SAM synthetase. SAM is converted to 1-aminocyclopropane-1-
carboxylate (ACC) by ACC synthase (ACS). ACC is oxidized by an ACC oxidase enzyme 
(ACO) to produce ethylene (Yang & Hoffman, 1984). While bacteria can respond to 
phytohormones (as discussed above) bacteria also have the ability to produce phytohormones. In 
E. coli, the production of ethylene begins with 2-keto-4-methylthiobutyric acid (KMBA) which 
is a deaminated version of methionine (Ince & Knowles, 1985) and plant phytopathogens such as 
P. syringae utilize 2-oxoglutarate (α-ketoglutarate) in order to make ethylene (Weingart & 
Volksch, 1997). Augimeri et al. (2015) demonstrated that ethylene enhances K. xylinus growth 
and BC production and that K. xylinus can produce ethylene however, the same has not yet been 
determined for K. hansenii. 
In plants, ABA controls root growth (Sharp et al., 2004), response to abiotic and biotic 
stress (Creelman & Zeevaart, 1985; Pierce & Raschke, 1980), and various aspects of growth 
from reproduction to leaf morphology and fruit ripening (Barrero et al., 2005; Fujii & Zhu, 2009; 
Li, Jia, Chai, & Shen, 2011). K. xylinus synthesizes ABA (Qureshi et al. 2013). Many other 
bacteria can also synthesize ABA, endophytic bacteria such as Bacillus subtilis, Bacillus 
lichenformis, and Achromobacter xiloxidans (Forchetti, Masciarelli, Alemano, Alvarez, & 
Abdala, 2007) and more aggressive phytopathogens such as Botrytis cinerea, Fusarium 
culmorum, and Penicillum spp. (Wu & Shi, 1998). ABA production by Azospirillum lipoferum, 
was found to enhance growth of plants under drought conditions (Cohen, Travaglia, Bottini, & 
Piccoli, 2009). Qureshi et al. (2013) demonstrated that K. xylinus cultures supplemented with 
ABA exhibited enhanced growth and BC production. 
IAA production has been studied in many different species of bacteria such as 
Pseudomonas, Rhizobium, Streptomyces, Azospirillum, and Enterobacter (Apine & Jadhav, 
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2011; Sergeeva, Hirkala, & Nelson, 2007). IAA is a phytohormone that inhibits fruit ripening 
(Frenkel & Dyck, 1973; Knee, 1993). It is interesting to note that while some bacteria can 
synthesize IAA during plant-microbe interactions such as Sphingomas, Microbacterium, 
Mycobacterium, Bacillus, and Rhizobium (Tsavkelova, Cherdyntseva, & Netrusov, 2005), K. 
xylinus does not produce detectable levels of IAA (Qureshi et al., 2013). Exogenous addition of 
IAA increases the growth rate of K. xylinus but lowers BC yield. In the plant-microbe context, 
IAA signals the delay of ripening and senescence; sugar content appropriate for BC synthesis is 
low (Qureshi et al., 2013). IAA also decreases biofilm formation by E. coli (Di Martino, Fursy, 
Bret, Sundararaju, & Phillips, 2003; Lee, Jayaraman, & Wood, 2007).   
Zeatin (Z) is a cytokinin involved with cytokinesis (cell division) and differentiation of 
cells in plants (Hitoshi, 2006). There exist two different isomers of zeatin: cis-zeatin and trans-
zeatin. Cis-zeatin is a cytokinin that typically has low or no activity whereas trans-zeatin is 
regarded as having high activity in plants (Großkinsky et al., 2013, Schäfer et al., 2015). Z 
regulates fruit growth in plants by working in conjunction with IAA to signal cytokinesis. In the 
plant-microbe context, some bacteria can synthesize their own phytohormones such as IAA and 
Z which influences cell division and growth in host plants (Atzorn et al., 1988, Arkhipova et al., 
2005, Bastàin et al., 1998, Boiero et al., 2007). Plant phytohormones can be sensed by bacteria. 
For example, the bacterial histidine kinase PcrK in Xanthamonas campestris senses plant 
cytokinin and degrades c-di-GMP which controls the oxidative stress response through a four 
step phosphorelay (Wang et al., 2017). In the opportunistic pathogen P. aeruginosa, oxidative 
stress caused a strong increase in c-di-GMP levels and subsequent biofilm formation (Strempel, 
Nusser, Neidig & Overhage, 2017). Therefore, Z could influence cellulose production in other 
bacteria such as Komagataeibacter spp. Exogenous addition of Z to K. xylinus cultures 
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stimulated growth and BC yield (Qureshi et al., 2013). Concentrations of Z and IAA are high in 
unripe fruit which would likely stimulate the growth of K. xylinus to ensure a high cell density 
when the fruit ripens (Qureshi et al., 2013). It was also determined that K. xylinus can produce Z 
endogenously which is hypothesized to increase fruit growth and ripening in a plant-microbe 
context (Qureshi et al., 2013).  
 
Figure 6: Chemical structures of phytohormones: A) Ethylene B) Abscisic acid (ABA) C) 
Indole-3-acetic acid (IAA) D) Zeatin (Z). 
 
1.9 Pentose Phosphate Pathway  
 The pentose phosphate pathway plays a crucial role for providing reducing power for the 
cell and for generating metabolic intermediates such as ribonucleotides, deoxyribonucleotides, 
and nucleic acids (Kruger & von Schaewen, 2003; Sprenger, 1995; Wood, 1986). The pentose 
phosphate pathway is separated into two phases: the oxidative phase and the non-oxidative 
phase. During the oxidative phase, glucose is converted into glucose-6-phosphate and then into 
6-phosphogluconolactone which is catalyzed by glucose-6-phosphate dehydrogenase. During 
this step, nicotinamide adenine dinucleotide phosphate (NADP+) acts as a proton acceptor and is 
reduced to NADPH (reduced form of NADP+). Gluconolactonase then catalyzes the formation 
of 6-phosphogluconate from 6-phosphogluconolactone generating a proton (H+). 6-
phosphogluconate dehydrogenase then catalyzes the formation of ribulose-5-phosphate from 6-
phosphogluconate. This step also generates NADPH from NADP+. The importance of NADPH 
produced during the pentose phosphate pathway is that it provides reducing power for enzymes 
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and proteins involved in the oxidative stress response (Pandolfi et al., 1995). Ribulose-5-
phosphate enters the non-oxidative phase of the pentose phosphate pathway and is converted into 
ribose-5-phopshate by ribose-5-phosphate isomerase, which is used to make DNA or RNA, or it 
is converted into xylulose-5-phosphate by ribulose-5-phosphate-3-epimerase. These five carbon 
molecules are further converted into glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate 
by transketolase. These molecules are then converted into fructose-6-phosphate and erythrose-4-
phosphate or back into xylulose-5-phosphate. Erythrose-4-phosphate and xylulose-5-phosphate 
are converted into glyceraldehyde-3-phosphate and fructose-6-phosphate which can then be used 
for glycolysis. Fructose does not follow the same catalytic steps (Turner & Turner, 1980). 
Instead, fructose can be converted directly to fructose-6-phosphate.  K. xylinus cultures grow 
faster in fructose but produces less cellulose (Mikkelsen, Flanagan, Dykes, & Gidley, 2009), this 






Figure 7: Oxidative phase of the pentose phosphate pathway. A) Glucose is converted into 
glucose-6-phosphate using ATP and the enzyme hexokinase and then into B) 6-
phosphogluconolactone which is catalyzed by glucose-6-phosphate dehydrogenase. During this 
step, nicotinamide adenine dinucleotide phosphate (NADP+) acts as a proton acceptor and is 
reduced to NADPH (reduced form of NADP+). Gluconolactonase then catalyzes the formation 
of C) 6-phosphogluconate from 6-phosphogluconolactone generating a proton (H+). 6-






Figure 8: Non-oxidative phase of the pentose phosphate pathway. Ribulose-5-phosphate is 
isomerized into either ribose-5-phosphate or xylulose-5-phosphate using the enzymes ribulose-5-
phosphate-3-epimerase or ribulose-5-phosphate isomerase respectively. Both of these five carbon 
molecules are converted into glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate by 
transketolase. These molecules are then converted into fructose-6-phosphate and erythrose-4-
phosphate or back into xylulose-5-phosphate. Fructose-6-phosphate can be used readily for 
glycolysis whereas erythrose-4-phosphate and xylulose-5-phosphate are converted into 
glyceraldehyde-3-phosphate and fructose-6-phosphate which can then be used for glycolysis.  
 
1.10 Scope of Thesis  
While Komagataeibacter spp. have been well studied for cellulose production, very little 
is known about the role that extracellular signals play in its regulation. In an attempt to identify 
proteins involved in the bacterial ethylene response, a search of the sequenced genome of K. 
hansenii ATCC 23769 identified a gene product annotated as a histidine kinase GAF domain 
containing protein, GXYRSO_3165. To advance our knowledge of the regulatory mechanisms 
governing cellulose production, this thesis set out to functionally characterize GXYRSO_3165 
and analyze how it contributes to important cellular functions involved with growth, BC 
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production and response to extracellular signals such as exogenous phytohormones. Therefore, it 
is imperative to elucidate the role that GXYRSO_3165 plays in the ethylene response of K. 
hansenii and whether BC production is affected by ethylene in K. hansenii as was observed in K. 
xylinus. While this protein was annotated as a histidine kinase, its functional role may be more 
complicated as this protein was identified as MsrC, a free methionine sulfoxide reductase, based 
on homology modeling. It is also important to note that the MsrC in E. coli  contains a GAF 
domain that senses and responds to oxidative stress through methionine sulfoxide which acts as a 
signaling molecule (Lin et al., 2007). This is important as it may provide insight into the putative 
function of this protein.  
This thesis tested three hypotheses: i) GXYRSO_3165 plays a role in regulating cellulose 
production in K. hansenii; ii) GXYRSO_3165 responds to phytohormones; iii) GXYRSO_3165 
plays a role in oxidative stress.  
The rationale behind these hypotheses were: i) knocking out GXYRSO_3165 decreases the 
overall BC yield (this thesis); ii) ethylene receptors in Arabidopsis thaliana possess a GAF 
domain involved in sensing ethylene (Chang et al., 1993; Mayerhofer et al., 2015); and iii) a 
GAF domain-containing fRMsr in E. coli uses Met-SO as a signaling molecule to detect 
oxidative stress (Lin et al., 2007). 
This thesis expands our knowledge of the regulation of bacterial cellulose and provides new 
insights into the function of GXYRSO_3165. This thesis demonstrates that GXYRSO_3165 
contains a GAF domain which can respond to exogenous phytohormones as well as exogenously 
induced oxidative stress in a carbon source-dependent manner and that it influences BC 




2.1 Growth medium and chemicals  
 Komagataeibacter cultures were routinely grown in Schramm Hestrin (SH) medium 
(Schramm & Hestrin, 1954) which is composed of 20.0 g/L of glucose (SHG) or fructose (SHF), 
5.0 g/L of peptone, 5.0 g/L yeast extract, 2.7 g/L sodium phosphate dibasic (NaH2PO4·7H20), 
and 1.5 g/L citric acid. Media components were dissolved in deionized water and autoclaved to 
sterilize. Agar plates were made by the addition of 15 g/L of agar to either SHG or SHF. SH 
medium was supplemented with 0.2% (v/v) cellulase from Trichoderma reesei ATCC 26921 
(Sigma-Aldrich) to prevent the formation of cellulose and promote a cell suspension under 
agitated conditions. Cellulase was filter-sterilized through a 0.2 µm filter and stored at 4 °C. 
Ethephon (2-chloroethylphosphonic acid; Sigma-Aldrich) stock was prepared by dissolving 
ethephon in acidic ultra-pure water (pH = 2.5). Abscisic acid (ABA; BioShop), indole-3-acetic 
acid (IAA; BioShop), and zeatin (Z; BioShop) stocks were made by dissolving the respective 
solids in dimethyl sulfoxide (DMSO; BioBasic). Hydrogen peroxide (H2O2; BioBasic) was 
diluted from a 9 M stock to 9 mM in sterile, ultra-pure water. Tris-HCl (BioBasic) was dissolved 
in ultrapure-water and maintained at a pH of 8. Ethylenediaminetetraacetic acid (EDTA; 
BioBasic) was dissolved in ultrapure-water and sodium hydroxide (NaOH) to maintain a pH of 
8. All aqueous solutions were filter-sterilized and stored at 4 °C. 
2.2 Bacteria Growth Conditions 
 Komagataeibacter hansenii ATCC 23769 and K. hansenii ΔGXYRSO_3165 were 
maintained as glycerol stocks at -80°C and streaked onto SHG or SHF agar plates when needed. 
A single colony was taken from a plate and inoculated into 5 mL of SHF or SHG medium 
supplemented with 0.2% (v/v) filter-sterilized cellulase to make a starter culture. Cultures were 
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incubated at 30°C under constant agitation at 200 RPM until the cells reached an optical density 
(OD600) of 0.4 - 0.6 for mid-log, 1.0 - 1.2 for late-log, and 1.3 – 1.6 for stationary growth. Cells 
were harvested by centrifugation at 2,000 RPM for 10 minutes at 4°C and washed using SH-0 
(no carbon source). K. hansenii ΔGXYRSO_3165, a loss of function mutant generated by the 
insertion of a chloramphenicol resistance cassette (CmR) within the coding region of GXYRSO-
3165, was grown with the addition of 400 µg/mL chloramphenicol. 
2.3 Protein Homology Modelling 
A targeted search for annotated histidine kinases in the K. hansenii ATCC 23769 genome 
(NZ_CM0009Z0) was conducted using SnapGene (Version 4.1.9 GSL Biotech LLC).  The 
protein GXYRSO_3165 was annotated as a putative histidine kinase with a GAF domain 
(WP_003617797.1) In order to gain insight into the putative function of GXYRSO_3165, the 
Protein Homology/Analogy Recognition Engine (PHYRE2) program was used to model, predict, 
and analyze the protein structure (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015).  
2.4 Growth Kinetics 
 The effects of ethephon-generated ethylene, ABA, IAA, and H2O2 on the growth of K. 
hansenii WT and K. hansenii ΔGXYRSO_3165 cultures were determined by inoculating 5 mL 
cultures of either K. hansenii WT or K. hansenii ΔGXYRSO_3165 into SHF or SHG media 
supplemented with 0.2% cellulase (v/v) and grown under constant agitation at 200 RPM at 30°C 
until the OD600  reached 0.4 – 0.6 (mid-log). K. hansenii ΔGXYRSO_3165 cultures were grown 
with 400 µg/mL chloramphenicol added to the appropriate growth medium to maintain selection. 
Cultures were centrifuged at 2000 RPM for 10 minutes and the supernatant was discarded. Cell 
pellets were washed with 5 mL of Schramm-Hestrin media containing no carbon source (SH-0). 
The cells were centrifuged again at 2000 RPM for 10 minutes. This wash step was performed 
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twice to ensure residual media was removed. Washed cells were diluted by a factor of 10 in SH-0 
to obtain an accurate OD reading. OD readings of the diluted culture were multiplied by 10 to 
account for the dilution factor. The calculated undiluted OD was then used to calculate the 
volume of culture required to achieve a starting OD600 of 0.05.  Growth media, either SHF or 
SHG, containing phytohormones at a final concentration of 100 µM or H2O2 at concentrations of 
1 µM, 5 µM, 10 µM, and 25 µM were supplemented with 0.2% cellulase (v/v), and inoculated to 
a starting OD600 of 0.05 with K. hansenii WT or K. hansenii ΔGXYRSO_3165 culture prepared as 
described above. K. hansenii ΔGXYRSO_3165 cultures were also supplemented with 400 µg/mL 
chloramphenicol. The phytohormone concentration of 100 µM was chosen based on previous 
research conducted in the lab on K. xylinus ATCC 53582 (Augimeri & Strap, 2015; Qureshi et 
al., 2013) so that direct comparisons could be made with K. hansenii ATCC 23769. Growth 
kinetics in each media type were determined by adding 350 µL of the appropriate culture to 
Honeycomb multiwell plates in triplicate biological replicates with ten technical replicates 
(Figure 8). These plates were then placed in the Bioscreen C Automated Microbiology Growth 
Curve Analysis System (Oy Growth Curves Ab Ltd). The instrument was set to incubate at 30°C 
and maintain constant agitation. OD600 readings were taken every three hours over a course of 
seven days. Results were analyzed using GraphPad Prism software (8.2.1) along with statistical 
significance. Statistical analyses were determined using a Student’s t-test between conditions and 




Figure 9: Honeycomb multiwell plate organization for growth kinetic studies in the presence of 
phytohormones (left) and oxidative stress (right) using the Bioscreen C Automated Microbiology 
Growth Curve Analysis System (Oy Growth Curves Ab Ltd). All phytohormones were at a final 
concentration of 100 µM. Exogenous oxidative stress was induced using 1 µM, 5 µM, 10 µM, 
and 25 µM H2O2. Wells 1-5 contained SHF medium and wells 6-10 contained SHG medium. 
2.5 Pellicle Assay 
 Pellicle assays were conducted to determine whether phytohormones and oxidative stress 
affect BC production in K. hansenii WT, and to determine whether GXYRSO_3165 plays a role 
in BC production. WT and ΔGXYRSO_3165 were inoculated separately in 24-well plates 
(Falcon) with a final well volume of 2.0 mL. Sterile controls consisting of uninoculated SHF or 
SHG were made to ensure no growth occurred which would indicate contamination. Culture 
media for pellicle assays was prepared as described in section 2.4. Ethephon, ABA, and IAA 
were added at a final concentration of 100 µM, while H2O2 was added at final concentrations of 1 
µM, 5 µM, and 10 µM in either SHF or SHG.  K. hansenii WT and K. hansenii 
ΔGXYRSO_31655 cultures were inoculated in 5 mL of SHF or SHG containing 0.2% (v/v) 
cellulase and 400 µg/mL chloramphenicol for the ΔGXYRSO_3165 mutant strain and incubated 
at 30°C until mid-log (OD600 = 0.4 - 0.6). The cultures were harvested by centrifugation at 2000 
RPM for 10 minutes and the supernatant was discarded. The cell pellet was washed twice with 5 
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mL of Schramm-Hestrin media containing no carbon source (SH-0). Wells were inoculated with 
the K. hansenii WT or K. hansenii ΔGXYRSO_3165 at a starting OD600 of 0.05 using three 
biological replicates with six technical replicates. Sterile controls (SHF and SHG media) were 
included to ensure no contamination occurred during the incubation period. All plates were 
sealed with parafilm and incubated statically at 30°C for 7 days. 
 After seven days, the thickness of K. hansenii WT and K. hansenii ΔGXYRSO_3165 
pellicles were measured without the removal of water by photographing from the same angle 
with a ruler. ImageJ (Schneider, Rasband, & Eliceiri, 2012) was used to measure the thickness of 
pellicles from three points per condition. Values were averaged and analyzed using GraphPad 
Prism software (8.2.1). Statistical significance was determined using a Student’s t-test between 
conditions and were considered statistically significant if p < 0.05.  
 Pellicle wet weights were determined by removing the pellicles from the wells, popping 
the globular bulb under the pellicle to release excess media, and held on a paper towel for three 
seconds to ensure excess liquid was removed before they were weighed on an analytical balance.  
In order to determine the BC yield, pellicles were treated with 0.1 N NaOH at 80°C for 
20 minutes to lyse cells and remove excess cellular debris that may be on the pellicle. The 
pellicles were then washed with ultrapure water until the solution containing the pellicles for the 
wash process reached a pH of 7. Pellicles were then laid out on a silicon mat and dried at 50°C 
for 24 hours (constant weight) and the dry weights were recorded. Pellicle weights were 
averaged and analyzed using GraphPad Prism software (8.2.1). Statistical significance was 
determined using a Student’s t-test between conditions and were considered statistically 
significant if p < 0.05. 
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2.6 Analysis of culture pH  
   pH was measured in order to determine if carbon source as well as oxidative stress and 
phytohormones influenced the acidity/basicity of K. hansenii cultures. pH was measured using 
Litmus paper to test the growth curve cultures right after the 7-day time course finished. Three 
biological replicates were tested with three technical replicates each.     
2.7 Reactive Oxygen Species (ROS) Assay  
 Reactive oxygen species (ROS) were quantified for each culture condition for both the 
WT and ΔGXYRSO_3165.  K. hansenii cultures were prepared as described above and grown 
under constant agitation at 30°C until the OD600 reached mid-log (0.4 – 0.6), late-log (1.0 – 1.2), 
and stationary phase (1.3 – 1.6) in order to examine ROS production during different stages of 
growth. Experimental conditions consisted of the control, which was K. hansenii WT in SHF or 
SHG, and the conditions tested were phytohormones (ethylene, ABA, IAA, Z), oxidative stress 
in the form of H2O2 (1 µM, 5 µM, 10 µM), a 30-minute treatment of H2O2 before ROS readings, 
and a combination of phytohormone and H2O2 (each at 5 µM). Zeatin was investigated in this 
assay due to its involvement with ROS. Bacterial histidine kinases can sense plant cytokinin 
(zeatin), which in turn, triggers the degradation of c-di-GMP which is involved in the oxidative 
stress pathway (Wang et al., 2017). Each experiment had three biological replicates with three 
technical replicates. After growth to the desired OD600, cultures were treated with 2,7-
dichlorofluorescin diacetate (DCF; Sigma-Aldrich). Fluorescence readings were taken using the 
SynergyTM HT (BioTek Instruments, Inc.) microplate reader and values were output into KC4 
software (Version 3.4 BioTek Instruments, Inc) and recorded in Microsoft Excel. The higher the 
fluorescence reading, the higher the ROS production. OD600 values were recorded for each of the 
samples; fluorescence was divided by the OD to achieve a fluorescence/OD600 reading to 
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normalize the quantity of ROS being produced at the respective growth phase. Results were 
averaged and analyzed using GraphPad Prism software (8.2.1). Statistical significance was 
determined using a Student’s t-test between conditions and were considered statistically 
significant if p < 0.05. 
2.8 Cell Morphology  
 The effect of phytohormones and oxidative stress on cell morphology of K. hansenii WT 
and K. hansenii ΔGXYRSO_3165 was determined by first staining 5 µL of cells (7 days old) with 
5 µL of 1% (w/v) Congo Red. Stained cultures were viewed under 1000x magnification with oil 
immersion using a light microscope (BioRad). Pictures were taken using the USB 2.0 USB 
Digital Microscope (Plugable Technologies). 
2.9 Primer Design 
 Endpoint and quantitative real-time polymerase chain reaction (qRT-PCR) primers were 
designed and validated for five genes (msrA, msrC, metK, rhtB and bcsA) in K. hansenii; two 
reference genes that were previously validated were used for qRT-PCR analysis (Tables 1, 2).  
msrA, msrC, metK, rhtB and bcsA were selected based on their involvement with oxidative stress 
and cellulose synthesis. Endpoint PCR was conducted using K. hansenii ATCC 23769 genomic 
deoxyribonucleic acid (gDNA) as the template DNA to ensure that a single amplicon was 
produced at the expected amplicon length (Table 1). Amplicons were electrophoresed on a 1.6% 
(w/v) agarose gel, stained with ethidium bromide (EtBr) and visualized on a UV 
transilluminator. All primer sets were designed using SnapGene (Version 5.0.6 GSL Biotech 
LLC) to be 15 – 25 base pairs (bp) in length and to have a GC content between 45% and 55%. 
Melting temperature (Tm) for endpoint PCR primers was designed to be between 68°C and 72°C 
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and for qRT-PCR between 55°C and 65°C. qRT-PCR primers were designed so that the 
amplicon length was between 100 and 200 bp.   
Table 1: List of primers designed for endpoint PCR and qRT-PCR. Optimal annealing 
temperature (°C) and amplicon length are shown. All primers were designed in 
Komagataeibacter hansenii ATCC 23769. 








End FOR GATAACAATTTCACACAGGAGTCAGGGATGAATCAGGCCCAGGT 72 
  
716 
End REV GGCCGCTACTAGTACTATGTTACACCTGTTTGAAGATGCCCTGA 
qPCR FOR TCAGGGATGAATCAGGCCCAG 61 151 
qPCR REV AGGGAAAAATACTCTGGAAATCAGTTCCA 
rhtB 
End FOR GATAACAATTTCACACAGGAGTCAGGCGCGGGCGC 72 
  
687 
End REV GGCCGCTACTAGTACTATGACCCTTCATTCATGGTGGCTGTTTTCC 
qPCR FOR TCCGGTTGAATGCCCGC 61 175 
qPCR REV GCTGCATTCTTCCCACAGTTCAT 
metK 
End FOR TCAGCGGTTGAAGGCGCTGCG 72 1188 
End REV ATGCGCAACAAAGGCGACTTTCTATTTACCT 
qPCR FOR TCAGCGGTTGAAGGCGC 61 150 
qPCR REV ATCCGCAAGCACCTGCG 
araC 
End FOR TCAGGACTGTTCTGTCTCTCCG 69 912 
End REV ATGAATGTTGCACCAGAACCCTC 
qPCR FOR ATGTTCCCGCATCCATTGGG 61 150 
qPCR REV GAAGCCAGGCTGATGATAGCT 
lysR 
End FOR ATGCTTCCCATGCCCTCC 68 836 
End REV TTACTTTTTATCCCCGAAAACCGGG 
qPCR FOR ATGCTTCCCATGCCCTCC 61 150 
qPCR REV CTGCACGTCCATCTGCCG 
msrA 
End FOR TCAGGTATGTACCAGCCGGTCGCG 72 549 
End REV ATGACACAGCACAAGACAGAGACAGCC 
qPCR FOR TCAGGTATGTACCAGCCGGT 61 150 
qPCR REV ATTGTTCCGCTGGAGCATTTCTAT 
msrB 
End FOR TCATGCCCCCACCCCGC 72 405 
End REV ATGGACCAGACACAGCGCAGCCC 
qPCR FOR ATTGCAGTACGATGCCGTTCA 61 150 
qPCR REV GCGCGGTTGCAACGAC 
msrC 
End FOR ATGACCGTTCATACGGGGACATCGC 72 486 
End REV TCAGGCATGTCCACGACATGCCC 
qPCR FOR ATGACCGTTCATACGGGGACA 61 150 




qPCR FOR ACAATGGGCTGGATGGTCGA 60 184 
qPCR REV ACCCGCAAAAGAAGGTCGCA 
 
Table 2: Protein function encoded by genes used in qRT-PCR 
 Gene Protein  Function 
Reference Genes 
16S gene 16S ribosomal subunit Structural 
component of 
ribosome 










(peptide and free 
methionine) 
msrC Methionine sulfoxide 








from methionine and 
ATP 
rhtB Homoserine/homoserine 
lactone efflux protein 
Exports homoserine 
and homoserine 
lactone out of the 
cell 
bcsA Bacterial cellulose 
synthase complex I 
Bacterial cellulose 
synthesis 
    
2.10 Quantitative real-time polymerase chain reaction (qRT-PCR)  
 The effects of carbon source, phytohormones, and oxidative stress on the expression 
levels of select K. hansenii genes (msrA, msrC, metK, rhtB, and bcsA) was conducted through a 
qRT-PCR experiment. Cultures of K. hansenii WT and K. hansenii ΔGXYRSO_3165 were 
inoculated into 5 mL of SHF or SHG with 0.2% (v/v) cellulase and 400 µg/mL of 
chloramphenicol was added to the mutant. Ethephon, ABA, IAA (100 µM) or H2O2 (1 µM, 5 
µM,10 µM) were also added to the cultures based on the required condition. Cultures for two 
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different stages of growth (mid-log and stationary) were tested with triplicate technical 
replicates. Sterile controls consisted of either uninoculated SHF or SHG. All cultures were 
incubated at 30°C under constant agitation at 200 RPM until the desired growth stage was 
achieved as determined by OD600 readings. In retrospect, triplicate cultures consisting of three 
technical replicates should have been grown for both growth stages.  
 K. hansenii WT and K. hansenii ΔGXYRSO_3165 cultures from each condition were 
harvested by centrifugation at 2,000 RPM for 10 minutes. Culture supernatant was aspirated to 
achieve a medium-free cell pellet which was used for RNA extraction. RNA extractions were 
performed immediately to minimize changes in the mRNA levels. The Total RNA Purification 
Kit (Norgen Biotek) was used to isolate RNA following manufacturer’s instructions. Isolated 
RNA was kept at -80°C to prevent degradation of the samples.  
 The quality and purity of extracted RNA samples was assessed by agarose gel 
electrophoresis on 1.6% (w/v) agarose gels. RNA concentration (µg/mL) and purity (A260/280 and 
A260/230) was measured using the BioDrop DUO+. A260/280 values had to fall between 1.8 and 2.1 
in order to be used for cDNA synthesis. cDNA used for endpoint PCR was not diluted to the 
same concentration for all samples. In retrospect, the same amount of RNA should have been 
used for cDNA synthesis. For cDNA used for qRT-PCR, all samples were diluted in Tris-HCl 
(10 mM; pH 8.0) to a concentration of 200 ng before cDNA was synthesized.    
 cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) from quality-
controlled RNA following the manufacturer’s instructions. Oligonucleotide (dT20) primers were 
used in the master mix for cDNA synthesis. The master mix contained all reaction components 
except for the RNA template. The total reaction volume that contained the master mix and the 
RNA template was 20 µL. The master mix was aliquoted into 200 µL PCR tubes and RNA (200 
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ng) was added after. Control reactions were run which contained the master mix and the addition 
of ultra-pure water to bring the reaction volume to 20 µL. The reaction conditions were 
according to the manufacturer’s instructions. cDNA samples were stored at -20°C until further 
use. 
 In order to measure the relative gene expression levels of msrA, msrC, metK, rhtB, and 
bcsA under exposure to phytohormones or oxidative stress, the CFX Connect Real-Time PCR 
Detection System (Bio-Rad) was used. Reaction mixtures were composed of 10.0 µL of 
SsoFastTM EvaGreen® Supermix (Bio-Rad), 500 nM of the appropriate primers (Table 1), 2.0 
µL of cDNA sample (200 ng), and the reaction volume was brought to 20.0 µL with RNAse free, 
DNase free, sterile MilliQ water. In order to minimize variation between technical replicates, a 
master mix was made for all reactions and aliquoted (20.0 µL; one reaction) into each well of a 
96-well PCR plate. To determine the optimal annealing temperature (Ta) for each primer set, an 
annealing temperature gradient was performed (Table 3). The reaction mixture used to 
determine the Ta consisted of the master mix described above and a pooled cDNA sample diluted 
1/20 in Tris-HCl buffer (10.0 mM; pH 8). Ta was chosen based on the annealing temperature that 
produced a single peak and resulted in the lowest cycle threshold (Ct) value shown by the melt 
curve analysis in the Bio-Rad CFX Manager Software. Standard curves for each primer set at 
their optimal Ta were completed to determine that the PCR amplification efficiency (E) was 
between 90% and 110% (Table 3). This range follows the minimum information for publication 
of quantitative real-time PCR experiments (MIQE) guidelines (Bustin et al., 2009). A pooled 
sample of cDNA was subject to a serial dilution seven times and used for the template for the 
standard curves. The fold dilution was determined to be 1/8 for all samples as this dilution 
produced adequate expression of the respective genes at the experimentally determined Ta. For 
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each gene, two reference genes (Table 1, 2, 3) were run as well as a no template control (NTC) 
that contained Tris-HCl (10 mM; pH 8.0) as the template to ensure no contamination existed in 
the reaction mixture and a no reverse transcriptase (NRT) control to ensure there was no gDNA 
contamination. The qRT-PCR reaction conditions were as follows: 95°C for 2 minutes, 40 cycles 
of 95°C for 5 seconds, and Ta optimal (Table 3) for 15 seconds. Melt-curve analysis was carried 
out at the end of every run with an initial denaturation of 95°C for 10 seconds then a temperature 
gradient from 65°C to 95°C at a rate of 0.5°C every 5 seconds. Each qRT-PCR reaction was run 
in triplicate.  
 Data analysis for qRT-PCR was carried out using the ΔΔCt method (Livak & Schmittgen, 
2001) employed in the Bio-Rad CFX Manager 3.1 Gene Study software using Ct values with 
corrected efficiencies. For each experiment, data for each condition and each gene was made 
relative to K. hansenii WT in SHG or SHF and validated reference genes were used for 
normalization. Results from the experiment were imported into Microsoft Excel and a heat map 
was created. Expression differences were tested for statistical significance in the Bio-Rad CFX 
Manager 3.1 Gene Study software. Differences were considered statistically significant if p < 
0.05. 






Tm optimal (°C) E (%)a 
Reference 
Genes 
16S rRNA 200 61 101.8 
rpoA 200 61 98.4 
Target Genes 
msrA 200 61 104.4 
msrC 200 61 103.4 
metK 200 61 107.7 
rhtB 200 61 104.3 
bcsAB 200 60 102.5 





3. RESULTS  
3.1 Protein Homology Modelling of GXYRSO_3165 (MsrC) 
A targeted search for annotated histidine kinases in the K. hansenii ATCC 23769 genome 
identified a putative histidine kinase with a GAF domain protein, GXYRSO_3165. To gain 
insight into the structure and therefore putative function of this protein, it was modeled using 
PHYRE2 software (Kelley et al., 2015). The modeling results suggested that GXYRSO_3165 
was structurally similar to a free methionine-sulfoxide reductase containing a GAF domain. It 
was compared to proteins of similar structure in different bacteria and determined to have a 
percent identity of 46% with 100% confidence and 94% coverage when compared to MsrC (a 
free methionine-sulfoxide reductase) from Staphylococcus aureus MRSA252 (Accession: 
Q6GFY9: Figure 10).  
 
Figure 10: Homology modelling of the GAF-domain containing protein suggests it is a putative 
free-methionine sulfoxide reductase. A) GXY_RSO3165 from Komagataeibacter hansenii; B) 





   
 
3.2 Cellular Morphology of K. hansenii WT and ΔGXYRSO_3165 is not Affected by 
Oxidative Stress or Phytohormone Supplementation  
 
 Since the function of GXY_3165 was not known, microscopic analysis was performed to 
determine whether knocking out the gene for this protein would affect cell size or morphology. 
K. hansenii WT and K. hansenii ΔGXYRSO_3165 cells grown in SHF or SHG supplemented 
with ethephon-derived ethylene, ABA, IAA, or H2O2 to induce oxidative stress were visualized 
by light microscopy. There were no discernable differences in cell morphology for any condition 




Figure 11 : Cell morphology comparison under 1000x magnification with oil immersion. A) Kh 
WT SHF B) Kh WT SHG C) ΔGXYRSO_3165 SHF D) ΔGXYRSO_3165 SHG E) Kh WT SHF 5 
µM H2O2 F) Kh WT SHG 5 µM H2O2 G) ΔGXYRSO_3165 SHF 5 µM H2O2 H) ΔGXYRSO_3165 
SHG 5 µM H2O2 I) Kh WT SHF Ethephon J) Kh WT SHF ABA K) Kh WT SHF IAA L) Kh 
WT SHG Ethephon M) Kh WT SHG ABA N) Kh WT SHG IAA O) ΔGXYRSO_3165 SHF 
Ethephon P) ΔGXYRSO_3165 SHF ABA Q) ΔGXYRSO_3165 IAA R) ΔGXYRSO_3165 SHG 




3.3 Effect of Oxidative Stress on Growth of K. hansenii   
Homology modeling of GXYRSO_3165 suggested that this protein might function as a 
free methionine sulfoxide reductase. If this is indeed the case, then it was expected that an 
oxidizing agent such as H2O2 would generate ROS that would require the activity of methionine 
sulfoxide reductases to reduce the methionine sulfoxide back to methionine and to scavenge ROS 
to prevent more widespread cellular damage. It was hypothesized that if the GAF-domain 
containing GXYRSO_3165 functions as a free methionine sulfoxide reductase, then the loss of 
function mutant ΔGXYRSO_3165 would be impaired in its ability to sense the exogenous 
oxidative stress. Oxidative stress impairs the growth of E. coli  (Gort & Imlay, 1998), therefore, 
K. hansenii WT and ΔGXYRSO_3165 were grown in SHF and SHG with varying concentrations 
of H2O2 (1 µM, 5 µM, and 10 µM) to determine whether growth was affected by oxidative stress 
and whether tolerance to oxidative stress was affected by carbon source.  
K. hansenii WT grew significantly faster when grown in fructose medium (SHF) 
containing 10 µM H2O2, while growth at lower H2O2 concentrations was unaffected and 
comparable to the untreated control (K. hansenii WT with 0 µM of H2O2; Figure 12A, Figure 
13A). K. hansenii WT cultures grew slower when glucose was the carbon source. Interestingly, 
oxidative stress did not significantly affect the growth rate of the wild type in SHG. Even though 
growth rate was unaffected, oxidative stress did affect glucose-grown WT; the addition of 10 µM 
H2O2 caused a longer lag-phase compared to the other concentrations of H2O2  (Figure 12A). 
These stressed cultures grew to a lower final OD than the other glucose-grown cultures.  
The growth rate of K. hansenii ΔGXYRSO_3165 in SHF was not affected by the addition 
of H2O2 even in concentrations as high as 10 µM, however, as the concentration of H2O2 
increased (Figure 12B), the final density decreased. It is interesting to note that K. hansenii 
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ΔGXYRSO_3165 when grown in glucose containing 5 µM H2O2 and WT in glucose containing 10 
µM H2O2 had a lag phase of 36 hours, whereas all the other cultures (in fructose and glucose) 
only had a lag phase of 12 – 24 hours; the mutant did not grow at all in glucose supplemented 
with 10 µM H2O2 (Figure 12B) suggesting that the mutant was unable to sense the oxidative 
damage in time to initiate alternative pathways for survival. Therefore, the data indicates that 
both K. hansenii WT and K. hansenii ΔGXYRSO_3165 grown in SHG are more susceptible to 
oxidative stress compared to when they are grown in SHF, suggesting that carbon source plays a 
role in the ability of K. hansenii to deal with oxidative stress. Overall, the mutant K. hansenii 
ΔGXYRSO_3165 grew faster than WT cultures with fructose as the carbon source. The doubling 
time of K. hansenii WT was affected at higher concentrations of H2O2 (5 µM and 10 µM) where 
the doubling time increased by 1 hour (5 µM) and 2 hours (10 µM: Figure 13A). When the 
mutant was grown in fructose however, there were no significant changes in the doubling time. 
The doubling time was affected when K. hansenii WT was grown in glucose where higher 
concentrations of H2O2 (5 µM and 10 µM) decreased the doubling time by 4 hours (5 µM) and 5 
hours (10 µM: Figure 13B). There were no changes in doubling time for the mutant grown in 





Figure 12: Oxidative stress decreased the growth of K. hansenii WT and K. hansenii 
ΔGXYRSO_3165 in SHG but not in SHF. A) K. hansenii WT in SHF and SHG grown in the 
absence (0 µM) and presence (1 µM, 5 µM, 10 µM) of H2O2 with 10 averaged curves measured 
at OD600nm and error bars of standard deviation. B) K. hansenii ΔGXYRSO_3165 in SHF and 
SHG grown in the absence (0 µM) and presence (1 µM, 5 µM, 10 µM) of H2O2 with 10 averaged 
curves measured at OD600nm and error bars of standard deviation. Three biological replicates 




Figure 13: The effect of oxidative stress on the growth of K. hansenii WT and K. hansenii 
ΔGXYRSO_3165 in A) fructose- and B) glucose-grown agitated cultures. K. hansenii 
ΔGXYRSO_3165 cultures grow faster than K. hansenii WT even under oxidative stress in 
fructose-grown cultures, while growth in glucose is unaffected. All experiments were performed 
in triplicate, the mean and error are shown, and the statistical significance was calculated using 
Student’s t-test. Data was considered statistically significant if p < 0.05. Distinct letters (a-c) 

























































































































































3.4 Effect of Oxidative Stress on Pellicle Formation  
  Since it was determined that the growth of ΔGXYRSO_3165 under agitated conditions 
was unaffected by exogenous stress when fructose was the sole carbon source, it was of interest 
to determine whether cellulose production was linked to the oxidative stress response. Cellulosic 
pellicles formed by K. hansenii WT and ΔGXYRSO_3165 grown in the presence of various 
concentrations of H2O2 in both glucose and fructose medium were characterized to determine the 
effect of oxidative stress on BC production. Oxidative stress promoted BC production by K. 
hansenii WT in both SHF and SHG. Cellulose production increased by 24.2% (Figure 14A) for 
K. hansenii WT cultures grown in SHF in which oxidative stress was induced by the addition of 
exogenous H2O2. A similar effect was also observed for WT grown in SHG; those cultures 
exhibited an increase in cellulose of 22.2% (Figure 14B). The ΔGXYRSO_3165 mutant produced 
less BC compared to WT in both fructose and glucose cultures. In fructose-grown cultures, 
cellulose production by ΔGXYRSO_3165 is unaffected by oxidative stress except for high levels 
of H2O2 (10 µM and 25 µM; Figure 14A). Interestingly, BC remained constant regardless of 
H2O2 concentration in glucose-grown cultures (Figure 14). It should be noted that in glucose-
grown agitated cultures, ΔGXYRSO_3165 does not survive in 10 µM H2O2, while under static 
conditions it can survive concentrations as high as 25 µM H2O2. This is likely attributed to the 
pellicle since cellulase must be added to measure the growth kinetics in liquid culture. Both the 
WT and mutant produced less pellicle when grown in fructose compared to glucose-grown 
cultures (Figure 14). Together, the results indicate that GXYRSO_3165 is involved in the 
regulation of cellulose production in a carbon-source-dependent manner, and that bacterial 





Figure 14: Bacterial cellulose yield under oxidative stress in A) fructose and B) glucose. 
Oxidative stress increases the bacterial cellulose yield of the wildtype when grown in either 
fructose or glucose. Cellulose production by ΔGXYRSO_3165 is unaffected by oxidative stress 
except for high levels of H2O2 in fructose cultures. All experiments were performed in triplicate 
(three biological replicates that consisted of ten technical replicates), the mean and error bars of 
the standard deviation are shown. The statistical significance was calculated using Student’s t-














3.7 Carbon source affects the pH of K. hansenii cultures   
 Both the WT and mutant cultures acidified the medium when grown in glucose (pH 4) 
compared to cultures grown in fructose (pH 6). Neither oxidative stress nor the addition of IAA, 
ABA, or ethephon-derived ethylene had any effect on the final pH of the cultures (Table 4).  
Table 4: pH analysis of K. hansenii WT and K. hansenii ΔGXYRSO_3165 cultures grown in 
fructose/glucose, oxidative stress, and phytohormones (ethylene, ABA, and IAA). Three 
biological replicates were conducted consisting of three technical replicates. 
 pH average 
Kh WT SHF 6 
Kh WT SHF 5 µM H2O2 6 
Kh WT SHG 4 
Kh WT SHG 5 µM H2O2 4 
GXYRSO_3165 SHF 6 
GXYRSO_3165 SHF 5 µM H2O2 6 
GXYRSO_3165 SHG 4 
GXYRSO_3165 SHG 5 µM H2O2 4 
Kh WT SHF Ethylene 6 
Kh WT SHF ABA 6 
Kh WT SHF IAA 6 
Kh WT SHG Ethylene 4 
Kh WT SHG ABA 4 
Kh WT SHG IAA 4 
GXYRSO_3165 SHF Ethylene 6 
GXYRSO_3165 SHF ABA 6 
GXYRSO_3165 SHF IAA 6 
GXYRSO_3165 SHG Ethylene 4 
GXYRSO_3165 SHG ABA 4 
GXYRSO_3165 SHG IAA 4 
 
3.5 Effect of Phytohormones on Growth of Komagataeibacter hansenii  
Since it was determined previously in the lab (Augimeri & Strap, 2015; Qureshi et al., 
2013) that K. xylinus growth and BC production was affected by exogenous phytohormones, it 
was of interest to determine whether this was also the case for K. hansenii. Furthermore, this 
presented an opportunity to determine whether the GAF-domain containing GXYRSO_3165 
plays a role in sensing exogenous phytohormones. Growth kinetics in the presence of exogenous 
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ethylene (ethephon-derived), ABA and IAA were determined for WT and mutant cultures grown 
in both fructose and glucose as the sole carbon source. K. hansenii WT was unaffected by the 
addition of exogenous phytohormones (Figure 15A). Cultures grown in SHF showed an overall 
lower final optical density compared to cultures grown in SHG.  
Carbon source and phytohormone addition affected growth. The doubling times of 
fructose-grown K. hansenii WT cultures supplemented with phytohormones varied significantly. 
Doubling time increased when phytohormones were added, where ethylene caused a 1 hour 
increase, ABA caused a 3 hour increase, and IAA caused a 3.5 hour increase (Figure 16A). For 
the mutant, there was a decrease in doubling time compared to K. hansenii WT however, when 
phytohormones were added to mutant cultures, there was an increase in doubling time when 
ethylene and ABA were added individually (+0.5 hours) with a more substantial increase 
observed when IAA was added (+5.5 hours: Figure 16B). Therefore, exogenous addition of 
phytohormones increased the doubling time for K. hansenii in SHF indicating slowed growth. 
The doubling time of K. hansenii WT cultures grown in SHG were much slower (~22 hours: 
Figure 16B) compared to SHF grown cultures (~12 hours: Figure 16A). Addition of ethylene 
and ABA did not affect the growth rate however, addition of IAA increased the doubling time by 
5 hours (Figure 16B). When the mutant was grown in SHF, the doubling time was decreased 
compared to K. hansenii WT cultures and addition of phytohormones decreased it even more 
where ethylene caused a 9-hour decrease in doubling time and ABA or IAA caused a 6-hour 
decrease in doubling time (Figure 16B). Together, the data indicates that exogenous addition of 
phytohormones in SHF increased the doubling time of K. hansenii WT and K. hansenii 
ΔGXYRSO_3165 (Figure 16A). When phytohormones were added to K. hansenii WT cultures 
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grown in SHG the same trend occurred however, when the mutant was grown in SHG and 
phytohormones were added, there was a decrease in the doubling time.   
 
Figure 15: Phytohormones affected the growth of K. hansenii WT and K. hansenii 
ΔGXYRSO_3165 in a carbon-source dependent manner. A) K. hansenii WT and K. hansenii 
ΔGXYRSO_3165 grown in SHF in the absence and presence of phytohormones (ethylene, ABA, 
and IAA); B) K. hansenii WT and K. hansenii ΔGXYRSO_3165 grown in SHG in the absence 
and presence of phytohormones (ethylene, ABA, and IAA) with 10 averaged curves measured at 
OD600nm. Three biological replicates were conducted for each curve that consisted of ten 
technical replicates. Error bars are standard deviation. 
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Figure 16: The effect of phytohormones on K. hansenii WT and K. hansenii ΔGXYRSO_3165 in 
A) SHF- and B) SHG- grown agitated cultures. Phytohormones affected the growth of K. 
hansenii WT and ΔGXYRSO_3165 in a carbon-source dependent manner. The growth of K. 
hansenii ΔGXYRSO_3165 was most affected by phytohormones when fructose was the sole-
carbon source.  K. hansenii ΔGXYRSO_3165 grew slower in IAA and ethylene supplemented 
cultures compared to ABA in glucose. All experiments were performed in triplicate (three 
biological replicates that consisted of ten technical replicates), the mean and error bars of the 
standard deviation are shown. The statistical significance was calculated using Student’s t-test (p 
< 0.05). Distinct letters (a-f) indicate statistically different values. 
 
3.6 Effect of Phytohormones on Cellulose Production  
  Since it was determined previously in the Strap lab (Augimeri & Strap, 2015; Qureshi et 
al., 2013) that K. xylinus growth and BC production was affected by exogenous phytohormones, 
it was of interest to determine whether this was also true for K. hansenii and whether disruption 
of the GXYRSO_3165 would affect response to exogenous phytohormones. Pellicle assays were 
performed using K. hansenii WT and ΔGXYRSO_3165 in both SHF and SHG. Qureshi et al. 
(2013) and Augimeri (2015) found that phytohormone supplementation of cultures increased the 
production of cellulose by K. xylinus grown in glucose; fructose-grown cultures were not tested. 
















































































































production when cultures were supplemented with phytohormones (Figure 17). In SHG, K. 
hansenii WT produced 8.5% more cellulose compared to the mutant (Figure 17).   
 
 
Figure 17: Phytohormones did not affect the bacterial cellulose yield in A) SHF however, K. 
hansenii WT produced significantly more BC compared to K. hansenii ΔGXYRSO_3165 when 
grown in B) SHG. All experiments were performed in triplicate, the mean and error bars of the 
standard deviation are shown. The statistical significance was calculated using Student’s t-test (p 
< 0.05). Distinct letters (a-b) indicate statistically different values. 
 
3.8 Pellicle Thickness was Increased by Oxidative Stress 
 To determine whether carbon source (glucose or fructose), oxidative stress (H2O2), or 
phytohormones (ethylene, ABA, or IAA) influenced the physical properties of K. hansenii 
pellicles, the thickness of hydrated pellicles was measured (Figure 18). Overall, pellicles were 
thicker for K. hansenii WT cultures compared with ΔGXYRSO_3165.  When K. hansenii WT 
was grown in SHF supplemented with H2O2 at 1 µM, 5 µM, and 25 µM, pellicle thickness 
increased; however, when K. hansenii ΔGXYRSO_3165 was grown in SHF and exposed to H2O2, 































































































oxidative stress. When K. hansenii WT was grown in SHG, a larger increase in pellicle thickness 
(+0.45 mm) was observed when 1 µM of H2O2 was added; higher concentrations of H2O2 (5 µM, 
10 µM, and 25 µM) also showed a significant increase in pellicle thickness, just to a lesser 
degree. When K. hansenii ΔGXYRSO_3165 was grown in SHG and exposed to H2O2, no change 
in pellicle thickness was observed. The addition of ethylene, ABA, or IAA did not have any 
effect on pellicle thickness for either K. hansenii WT or K. hansenii ΔGXYRSO_3165 grown in 
either SHF or SHG. 
 
Figure 18: Pellicle thickness increased when exposed to oxidative stress in K. hansenii WT 
however, K. hansenii ΔGXYRSO_3165 pellicle thickness was unaffected. A) K. hansenii WT 
grown in SHF, B) K. hansenii WT grown in SHG, C) K. hansenii ΔGXYRSO_3165 grown in 













































































































































































































































































software at three different points then averaged to determine thickness. The statistical 
significance was calculated using Student’s t-test (p < 0.05). Distinct letters (a-c) indicate 
statistically different values. Three biological replicates were conducted for each curve that 
consisted of ten technical replicates.   
3.9 Reactive Oxygen Species Assay 
 Based on the data presented so far, GXYRSO_3165 reacts to exogenous oxidative stress 
and to phytohormones in a carbon source-dependent manner and is involved at some level in 
positively regulating cellulose production. ROS accumulation is known to affect growth and 
biofilm formation for other bacteria as discussed above (section 1.5). To gain further insight into 
the role that GXYRSO_3165 plays in sensing and regulating the response to ROS, assays were 
conducted to measure the amount of ROS being produced by K. hansenii WT and 
ΔGXY_RSO3165 cultures.  
Carbon source influenced ROS levels. During the mid-log phase of growth, there was a 
very significant difference between cultures grown in SHF and SHG as the amount of ROS in 
SHG grown cultures was much lower compared to those grown in SHF (Figures 19-21). There 
was an overall lower level of ROS in the mutant compared to the WT, regardless of carbon 
source. A decreased level of ROS was observed for K. hansenii WT cultures in SHF from 
treatment with 1 µM H2O2 (25476 +/-1480 fluorescence/OD600nm), 5 µM H2O2 (23254 +/-1465), 
and 10 µM H2O2 (21599 +/-1920) compared to K. hansenii WT without treatment (30203 +/-
637.6: Figure 19A).  There was an observed decrease in ROS when any phytohormone was 
present in K. hansenii WT grown in SHF with the most significant decrease being observed for 
ethylene supplemented cultures (17398 +/-845.7: Figure 19A). However, the combination of 
ABA with 5 µM H2O2 (11908 +/-1596) as well as IAA with 5 µM H2O2 (10174 +/-2370) caused 
a large decrease in ROS production (Figure 19A). For K. hansenii WT grown in SHF, the 
combination of phytohormones with a 30-minute treatment of oxidative stress showed no 
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significant difference in ROS production compared to exposing the cultures to oxidative stress 
from the beginning of growth, with the exception of zeatin (Z) in combination with 5 µM H2O2 
which exhibited less of a decrease compared to the other phytohormone treatment groups (21469 
+/-4220: Figure 19A). When K. hansenii WT was grown in SHG, there were no significant 
differences in ROS levels between untreated K. hansenii WT, K. hansenii WT treated with H2O2 
at any concentration, phytohormones (ethylene, ABA, IAA, Z), or any combination of oxidative 
stress and phytohormones (Figure 19B). When the mutant was grown in SHF, there was an 
increase in ROS at 5 µM H2O2 (18857 +/-6704) but a significant decrease at 10 µM H2O2 (15405 
+/-2590) compared to untreated mutant (17364 +/-5424: Figure 19C). Except for a lesser 
decrease of ROS in ABA with 5 µM H2O2 (10883 +/-3278) and zeatin (15096 +/-5139) with 5 
µM H2O2, the mutant grown in SHF with a combination of phytohormones with a 30-minute 
treatment of oxidative stress showed no significant difference in ROS compared to exposing the 
cultures to oxidative stress from the beginning of growth (Figure 19C). There were no 
significant differences in ROS levels for the mutant grown in SHG treated with oxidative stress, 
phytohormones (ethylene, ABA, IAA, Z), or phytohormones in combination with oxidative 




Figure 19: Carbon source affects reactive oxygen species production in mid-log cultures. 
Reactive oxygen species production during mid-log growth in A) K. hansenii WT cultures grown 
in fructose B) K. hansenii WT cultures grown in glucose C) K. hansenii ΔGXYRSO_3165 
cultures grown in fructose D) K. hansenii ΔGXYRSO_3165 cultures grown in glucose. All 
experiments were performed in triplicate (three biological replicates that consisted of three 
technical replicates) and the mean and error bars of the standard deviation are shown. The 
statistical analysis was calculated using Student’s t-test (p < 0.05). Distinct letters (a-h) indicate 
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The phase of growth affects ROS levels, as there is a significant decrease in ROS 
observed for K. hansenii WT cultures grown in SHF during late-log (Figure 20) compared to 
mid-log (Figure 19). Comparing K. hansenii WT to the mutant, there is a significant decrease in 
the amount of ROS in fructose-grown cultures for all conditions tested. K. hansenii WT cultures 
grown in SHF exhibited a significant decrease in ROS levels in the presence of 5 µM (7782 +/-
877.5) and 10 µM H2O2 (8132 +/-799.1) but not with 1 µM H2O2 (8392 +/-919.7: Figure 20A). 
Phytohormone supplementation of WT cultures growing in SHF significantly decreased ROS 
levels with the most significant decreases being observed in cultures supplemented with IAA 
(5675 +/-808.4: Figure 20A). A significant decrease in ROS was observed for ABA (5780 +/-
589.6), IAA (4974 +/-564) and Z (5711 +/-982.2) supplemented cultures in combination with 5 
µM H2O2 (Figure 20A). When the effect of phytohormones on ROS was tested in combination 
with exogenous oxidative stress, it was found that there was a decrease in ROS for WT cultures 
grown in SHF when ethylene (6224 +/-925.2), ABA (5780 +/-589.6), IAA (4973 +/-564), and Z 
(5711 +/-982.2) were tested (Figure 20A). K. hansenii WT grown in SHF by itself or with a 
combination of phytohormones and a 30-minute treatment of oxidative stress indicated a 
significant decrease in ROS levels (Figure 20A). For K. hansenii WT grown in SHG, the only 
significant difference observed was an increase in ROS at 1 µM H2O2 (614.4 +/-134.4); there 
were no significant differences in ROS at the other concentrations of H2O2 (Figure 20B). In 
contrast, phytohormones did not have any effect on ROS levels when K. hansenii WT cultures 
were grown in glucose (Figure 20B). When the mutant was grown in SHF, there were no 
changes in ROS levels when oxidative stress was added (Figure 20C). Phytohormones 
decreased ROS levels in mutant cultures growing in SHF; the most significant decrease was 
observed in cultures supplemented with ethylene (2547 +/-331.1: Figure 20C). Mutant cultures 
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grown in SHF supplemented with IAA (2127 +/-248.1) or Z (1967 +/-241.9) in combination with 
5 µM H2O2 exhibited decreased ROS levels, while ethylene and ABA combined with 5 µM H2O2 
did not differ in ROS compared to phytohormone supplementation alone (Figure 20C). There 
was a significant decrease in ROS production for mutant cultures grown in SHF treated with 
ethephon (1924 +/-183.2), ABA (2399 +/-178.5), IAA (2055 +/-184.4), and Z (2476 +/-462.4) 
exposed to oxidative stress for 30 minutes (Figure 20C). When the mutant was grown in SHG, 
there were no significant differences in ROS production observed for oxidative stress, 




Figure 20: Carbon source affects reactive oxygen species production during late-log growth. 
Reactive oxygen species production during late-log growth in A) K. hansenii WT cultures grown 
in SHF B) K. hansenii WT cultures grown in SHG C) K. hansenii ΔGXYRSO_3165 grown in 
SHF D) K. hansenii ΔGXYRSO_3165 grown in SHG. All experiments were performed in 
triplicate (three biological replicates that consisted of three technical replicates), the mean and 
error bars of the standard deviation are shown, and the statistical analysis was calculated using 
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 In stationary phase (Figure 21), there was little to no change in ROS levels when K. 
hansenii WT and ΔGXYRSO_3165 cultures were grown in SHF (Figure 21A and C) compared 
to earlier stages of growth, however, both WT and mutant cultures grown in SHG had a 
significant increase in ROS (Figure 21B and D). K. hansenii WT cultures grown in SHF that 
were treated with H2O2 did not show significant differences in ROS levels at any concentration 
of H2O2 tested (Figure 21A). ABA (6174 +/-1545) and IAA (4492 +/-3102) significantly 
decreased ROS levels in K. hansenii WT grown in SHF (Figure 21A), while Z (6551 +/-2189) 
increased ROS compared to the other phytohormones (Figure 21A). K. hansenii WT cultures 
grown in SHF and treated with both phytohormones (ethylene, ABA, IAA, Z) and oxidative 
stress indicated a decrease in ROS levels (Figure 21A). K. hansenii WT cultures grown in SHF 
and treated with phytohormones (ethylene, ABA, IAA, Z) with a 30-minute treatment of 
oxidative stress, showed decreased ROS levels for each condition (Figure 21A). K. hansenii WT 
grown in SHG had higher ROS production when 1 µM H2O2 (6019 +/-2654) was added 
however, 5 µM and 10 µM H2O2 did not cause any significant change in ROS levels (Figure 
21B). When phytohormones were tested on K. hansenii WT cultures grown in SHG, IAA (1662 
+/-1738) and Z (3818 +/-926) supplementation significantly decreased ROS (Figure 21B). For 
all other conditions tested (phytohormones with oxidative stress and 30-minute treatment of 
oxidative stress) there was a decrease in ROS levels (Figure 21B). The mutant grown in SHF 
showed no significant differences in ROS production at any concentration of H2O2 (Figure 21 
C). With the exception of Z (2086 +/-1437) that reduced ROS, there were no significant 
differences in ROS when phytohormones were added to SHF-grown mutant (Figure 21C). 
When phytohormones and oxidative stress were tested on the SHF-grown mutant, there was a 
decrease in ROS levels for 30-minute H2O2 treatment and initial H2O2 treatment (Figure 21C). 
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When the mutant was grown in SHG, there were no changes in ROS levels when oxidative stress 
was tested (Figure 21D). None of the phytohormones tested (ethylene, ABA, IAA, Z) affected 
ROS when the mutant was grown in SHG (Figure 21D). The combination of phytohormone and 
oxidative stress had no effect on ROS when the mutant was grown in SHG (Figure 21 D). There 
were no changes in ROS production when the mutant was grown in SHG and phytohormones 





Figure 21: Glucose treated cultures increased reactive oxygen species production during 
stationary phase. Reactive oxygen species during stationary phase of growth for A) K. hansenii 
WT cultures grown in SHF B) K. hansenii WT cultures grown in SHG C) K. hansenii 
ΔGXYRSO_3165 grown in SHF D) K. hansenii ΔGXYRSO_3165 grown in SHG. All experiments 
were performed in triplicate (three biological replicates that consisted of three technical 
replicates), the mean and error bars of the standard deviation are shown, and the statistical 
analysis was calculated using Student’s t-test (p < 0.05). Distinct letters (a-d) represent 
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3.10 Transcriptional analysis using endpoint PCR 
 To further characterize the role of GXYRSO_3165, transcriptional analysis was 
undertaken. In order to reduce the number of genes analyzed by quantitative real-time 
polymerase chain reaction (qRT-PCR), endpoint PCR was performed on cDNA. The genes were 
selected based on their functions in other organisms such as E. coli. The msr genes were selected 
as they are responsible for reversing oxidative stress, metK was chosen because S-
adenosylmethionine is important for ethylene biosynthesis as well as methionine, luxR was 
chosen as it is a global response regulator, rhtB was selected as homoserine/homoserine lactone 
is a precursor to methionine, araC and lysR were chosen as they respond to H2O2, and bcsA is the 
synthase responsible for cellulose synthesis. The growth phase-dependent expression of each 
gene was analyzed by amplifying the transcripts using cDNA as the template and gene-specific 
primers (Table 1). In some cases, there are multiple bands that are present in the gel however, 
amplification of the correct amplicon is observed as the upper band whereas the lower band 
/bands are either nonspecific amplification or primer dimers (Figures 22 - 24). Mid-log and 
stationary phase proved to be the most interesting for comparing gene expression.  
During mid-log, msrA expression increased when K. hansenii WT was grown in fructose 
with or without oxidative stress (Figure 22). When the mutant was grown in glucose with 
oxidative stress, msrA expression increased (Figure 22). msrA expression was reduced in K. 
hansenii WT grown in glucose compared to expression in fructose-grown cultures. The only 
observed change in expression for K. hansenii WT when phytohormones were added was when 
K. hansenii WT was grown in glucose in the presence of ethylene. However, there was an 
observed increase in amplification in the mutant when phytohormones (ethylene, ABA, or IAA) 
were added. During late-log, there was an observed increase in amplification of msrA under all 
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conditions tested (Figure 23). During stationary phase when K. hansenii WT was grown in 
fructose and exposed to phytohormones, there was no amplification of msrA when exposed to 
ethylene however, when exposed to ABA and IAA there was increased amplification (Figure 
24). When the mutant was grown in fructose there was only a very faint amplicon however when 
exposed to oxidative stress, amplification of msrA increased (Figure 24). When K. hansenii WT 
was grown in glucose, ethylene and IAA caused an increase in amplification for msrA but not 
ABA. There was no amplification of msrB under any condition during mid-log or late-log 
(Figure 22, 23). Amplification of msrB occurred during stationary phase for most conditions 
however, no amplification of msrB occurred for K. hansenii WT when grown in fructose (Figure 
24). Increased amplification of msrC during mid-log was observed when K. hansenii WT cultures 
were grown in fructose and exposed to oxidative stress (Figure 22). Growth of K. hansenii WT 
in the presence of phytohormones did not induce msrC (Figure 22). There was no amplification 
of msrC observed in the mutant for any condition. msrC from K. hansenii WT showed increased 
transcription for all conditions tested, while expression in the mutant remain unchanged (Figure 
23). Amplification of msrC occurred when K. hansenii WT was grown in fructose and exposed 
to ethylene or ABA (Figure 24). All other conditions for msrC during stationary phases 
exhibited no change in amplification. Increased amplification was observed for metK under 
oxidative stress in glucose or fructose for K. hansenii WT and the mutant (Figure 22). 
Phytohormones (ethylene, ABA, IAA) increased amplification of metK for K. hansenii WT when 
grown in fructose but not when grown in glucose. metK was not expressed when the mutant was 
grown in fructose and exposed to phytohormones (ethylene, ABA, IAA) however, when the 
mutant was grown in glucose there was an observed increase in amplification when ABA and 
IAA were added but not with ethylene. An increase in amplification was observed for metK 
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when K. hansenii WT was grown in glucose or fructose with oxidative stress. However, when 
the mutant was grown in fructose and with oxidative stress there was no amplification. There 
was a small change in expression for metK when K. hansenii WT was grown in fructose and 
exposed to IAA. When the mutant was grown in fructose, greater amplification of metK was 
observed when the cultures were exposed to ABA and IAA. However, when the mutant was 
grown in glucose, increased metK amplification was observed when cultures were exposed to 
ethylene. No amplification was observed for metK during stationary phase (Figure 24). 
Increased rhtB amplification was seen when K. hansenii WT was grown in fructose and exposed 
to oxidative stress (Figure 22), while less amplification was observed in glucose-grown cultures 
exposed to oxidative stress. The mutant exhibited greater rhtB expression when grown in 
fructose, glucose or exposed to oxidative stress. Ethylene increased the expression of rhtB in K. 
hansenii WT. During stationary phase, rhtB expression was significantly reduced when K. 
hansenii WT was grown in fructose, (Figure 24). This was also observed for both WT and K. 
hansenii ΔGXYRSO_3165 grown in fructose and exposed to ethylene. No changes in expression 
were observed for luxR, araC or lysR under any of the conditions tested during mid-log, late-log, 
or stationary phase (Figure 22, 23). Increased bcsA expression was observed in all conditions 
with the exception of K. hansenii WT grown in glucose and exposed to ABA (Figure 22). 
Fructose as a carbon source increased expression of bcsA in K. hansenii WT in cultures grown 
with and without oxidative stress (Figure 23). Increased expression levels were also observed for 
both the WT and the mutant grown in fructose and exposed to ethylene. During stationary phase, 
bcsA was amplified when K. hansenii WT was grown in fructose with or without oxidative stress 
but not when grown in glucose (Figure 24). When WT cultures were grown in fructose and 
exposed to ethylene or ABA, amplification of bcsA was observed. bcsA was expressed in mutant 
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cultures grown in fructose and exposed to ethylene, and when the mutant was grown in glucose 
and exposed to ABA or IAA. 
During stationary phase, there was no observed change in bcsA expression when K. 
hansenii WT was grown in fructose with or without oxidative stress. However, when grown in 
glucose with oxidative stress there was increased expression (Figure 24). When the mutant was 
grown in glucose with or without oxidative stress, amplification of bcsA increased. There were 
very faint bands present in the gel for K. hansenii WT grown in glucose with ABA or IAA as 
well as when the mutant was grown in fructose with IAA and when the mutant was grown in 
glucose with ethylene, ABA, or IAA.  
Out of the nine genes tested (Figures 22 - 24), five were selected for further 
transcriptional analysis by qRT-PCR (msrA, msrC, metK, rhtB, and bcsAB) based on their 
expression levels (intensity of the bands) and on their response to carbon source, phytohormones, 






Figure 22: Transcriptional analysis by endpoint PCR of select genes (listed on left side) under 
various conditions (listed on the right) for mid-log growth. Gene expression was visualized on a 
1.6% agarose gel. Reference genes are 16S Ribosomal Subunit (Lane 1) and rpoA (Lane 2). 
 
Figure 23: Transcriptional analysis by endpoint PCR of select genes (listed on left side) under 
various conditions (listed on the right) for late-log growth. Gene expression was visualized on a 




Figure 24: Transcriptional analysis by endpoint PCR of select genes (listed on left side) under 
various conditions (listed on the right) for stationary phase. Gene expression was visualized on a 













3.11 Transcriptional analysis of msrA, msrC, rhtB, metK, and bcsA by qRT-PCR 
 Based on preliminary transcriptional analysis (section 3.10), quantitative reverse 
transcriptase-polymerase chain reaction (qRT-PCR) was used to investigate whether carbon 
source, phytohormone exposure, or oxidative stress affected expression of msrA, msrC, rhtB, 
metK, and bcsA and determine how their expression was altered in the ΔGXYRSO_3165 mutant. 
RNA extracted from mid-log and stationary growth phases were analyzed to assess how growth 
phase affects transcription of the selected genes. Expression data from the ΔGXYRSO_3165 
mutant was compared to expression exhibited by K. hansenii WT cultures based on which 
growth medium was used (SHF or SHG). Expression values presented in this section are 
represented by fold change. 
During mid-log, transcripts of msrA (+0.95), msrC (+0.41), metK (+0.65), and rhtB 
(+0.24) expressed by K. hansenii WT cultures grown in SHF showed increased expression in the 
presence of H2O2 compared to WT grown without oxidative stress, while bcsA (-0.49) expression 
decreased during oxidative stress (Figure 25A, 26A). However, when ΔGXYRSO_3165 was 
grown in SHF alone, the expression level for all genes tested decreased (msrA: -1.53, metK: -
3.12, rhtB: -2.82, bcsA: -1.56: Figure 25A). In the presence of H2O2, ΔGXYRSO_3165 cultures 
grown in SHF also showed decreased expression (msrA: -0.59, metK: -2.59, rhtB: -2.08, bcsA: -
2.22: Figure 25A). When K. hansenii WT was grown in SHG, there was a decrease in the 
expression of all genes in the presence of H2O2 compared to K. hansenii WT grown in SHG 
alone with the most profound decrease observed for bcsA (msrA: -0.49, msrC: -0.64, metK: -0.10, 
rhtB: -0.84, bcsA: -1.90: Figure 25A, 26A). The expression of msrA and rhtB was enhanced in 
K. hansenii ΔGXYRSO_3165 grown in SHG with H2O2 while bcsA expression was reduced 
(Figure 25A).  
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 During mid-log when K. hansenii WT was grown in SHF, the presence of any 
phytohormone tested (ethylene, ABA, and IAA) greatly decreased the expression of msrA, msrC, 
metK, rhtB, and bcsA (Figure 25A, 26A). However, expression was 3X less for almost all genes 
when the mutant was grown in fructose supplemented with phytohormones.  There was an 
observed increase in expression of msrA when the mutant was grown in SHF and treated with 
IAA (+0.87: Figure 25A, 26A).  When K. hansenii WT was grown in SHG, the presence of 
ethylene increased the expression for msrC (+0.54) and metK (+1.21) and decreased the 
expression of msrA (-1.68), rhtB (-3.31), and bcsA (-1.65: Figure 25A, 26A). ABA decreased the 
expression of msrA, msrC, metK, rhtB, and bcsA (Figure 25A, 26A). The presence of IAA 
increased the expression for, msrA (+0.87) and bcsA (+0.52) however there was a decrease in 
expression for msrC (-0.76) and rhtB (-0.87: Figure 25A, 26A).  
When the mutant was grown in SHG, with ethylene or IAA, the expression of msrA 
(+0.86 and +0.21, respectively) increased, while ABA decreased msrA expression (-0.25) for K. 
hansenii WT grown in SHG (Figure 25A, 26A). Expression of msrC did not change when 
ethylene (-0.02) or IAA (+0.14) was added however, ABA caused a decrease in expression (-
0.21) compared to K. hansenii WT grown in SHG. Expression of rhtB and bcsA decreased when 
any of the three phytohormones (ethylene, ABA, or IAA) were tested (Figure 25A, 26A). 
During stationary growth (Figure 25B, 26B), there was an increase in expression of msrA 
and a decrease in expression for msrC, metK, and bcsA with no significant change in expression 
observed for rhtB when K. hansenii WT was grown in SHF with oxidative stress. For the mutant, 
there were little to no changes in the expression when under oxidative stress and grown in SHF 
for msrA (+0.28), metK (-0.81), and rhtB (-0.44), and bcsA (-0.40); Figure 25B). There was a 
small increase in expression for msrA (+0.22), msrC (+0.43), metK (+0.37), and rhtB (+0.24) and 
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a slight decrease in expression of bcsA (-0.41) for K. hansenii WT cultures grown in SHG and 
tested under oxidative stress (Figure 25B). When the mutant was grown in SHG there was an 
increase in the level of expression for msrA (+0.40), metK (+1.15), rhtB (+1.22), and bcsA 
(+0.79). However, K. hansenii ΔGXYRSO_3165 exhibited decreased expression of msrA (-0.24), 
metK (+0.58), rhtB (+0.39) and bcsA (+0.26) when grown in SHG with oxidative stress 
compared to the mutant grown in SHG alone (Figure 25B). WT grown in SHF supplemented 
with ethylene did not exhibit any significant changes in expression (Figure 25B, 26B), however, 
supplementation with ABA (+0.26) and IAA (+0.39) increased the expression of msrA (Figure 
25B). In contrast, the mutant exhibited increased expression for all phytohormones tested 
(ethylene, ABA, IAA) for both carbon sources (Figure 25B, 26B). The expression of msrC was 
reduced when K. hansenii WT was grown in SHF in the presence of ethylene, ABA, IAA 
(Figure 25B, 26). metK exhibited a large increase in expression for both K. hansenii WT and the 
mutant for all phytohormones tested (ethylene, ABA, IAA) and in both carbon sources (Figure 
25B, 26B). When K. hansenii WT was grown in SHF, the presence of ethylene greatly reduced 
expression of rhtB (-5.94) whereas ABA (+1.01) and IAA (+1.56) caused an increase in 
expression (Figure 25B). Expression of rhtB decreased in K. hansenii WT grown in SHG 
supplemented with either ethylene (-0.48) or ABA (-1.00) but was unaffected by IAA (Figure 
25B, 26B). For the mutant, rhtB expression increased in the presence of all the phytohormones 
tested (ethylene, ABA, and IAA) and in both carbon sources (Figure 25B, 26B). Phytohormone 
supplementation of K. hansenii WT decreased expression of bcsA in both fructose and glucose 
cultures, however there was a larger decrease in SHG grown cultures (Figure 25B). When the 
mutant was tested in SHF, there was a decrease in expression of bcsA when phytohormones were 
tested (ethylene, ABA, IAA) however, when the mutant was grown in  SHG, ethylene (-1.00) 
72 
 
caused a decrease in expression whereas ABA (+0.33) and IAA (+1.49) caused an increase in 
expression (Figure 25B, 26B). 
In summary, cultures grown in SHF with oxidative stress had a significant impact on 
msrA, msrC, metK and bcsA expression during mid-log growth where there was increased 
expression of these genes in K. hansenii WT; however there was little to no change in expression 
for the mutant (Figure 25A, 26A), possibly due to high ROS levels in SHF grown cultures 
during mid-log  (Figure 19). During stationary growth, oxidative stress had little to no effect on 
the expression of all genes tested (msrA, msrC, metK, rhtB, and bcsA) in either K. hansenii WT 
or the mutant. 
 Phytohormones significantly impacted gene expression. Mid-log K. hansenii WT 
cultures grown in SHG supplemented with either ethylene or IAA exhibited increased expression 
of msrA, msrC, and metK (Figure 25A, 26A). In stationary phase K. hansenii WT grown in SHF, 
ethylene, ABA, and IAA significantly decreased expression of msrA, metK, and rhtB while an 




Figure 25: Carbon source and growth phase affect expression of selected genes under oxidative 
stress and phytohormone exposure. qRT-PCR results for A) mid-log growth and B) stationary 
phase displayed as a heat map where green represents upregulation of a gene and red represents 
downregulation for each respective condition. Blacked out areas represent no change with 
respect to the control (K. hansenii WT grown in SHG or SHF respectively). Grey areas represent 
no expression. One biological replicate that consisted of three technical replicates were 
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Figure 26: GXYRSO_3165 is affected by carbon source, oxidative stress, and phytohormones 
and influences gene expression. Summary of significant results pertaining to the putative 
function of GXYRSO_3165 during A) mid-log and B) stationary phase. Data was normalized 






























































































































































































































































































































































































































































































































































































 The overall goal of this thesis was to expand the knowledge of how bacterial cellulose is 
regulated in K. hansenii by investigating putative two-component regulatory systems. The 
protein GXYRSO_3165 was identified through a bioinformatic search of histidine kinases 
annotated in the sequenced genome of K. hansenii ATCC 23769. Using PHYRE2, a protein 
model of GXYRSO_3165 was made through comparison to known protein structures and was 
determined to be 46% similar to an MsrC in Staphylococcus aureus (Accession: Q6GFY9) which 
is responsible for reducing free methionine sulfoxide levels within the cell in response to 
oxidative stress (Bong et al. 2009). GXYRSO_3165 contains a GAF domain that is commonly 
associated with cytoplasmic kinase sensors. This thesis has shown that GXYRSO_3165 is 
involved in the plant-microbe phytohormone response (Augimeri, 2016; Qureshi et al., 2013) and 
in the response to oxidative stress, which as we have seen previously can affect bacterial 
cellulose production.    
There was a clear difference between the rates of growth for both K. hansenii WT and K. 
hansenii ΔGXYRSO_3165 grown in SHF and SHG; cultures grown in SHF grew faster while 
cultures grown in SHG grew slower (Figure 12, 13, 15, 16). This difference could be due to 
glucose and fructose entering the pentose phosphate pathway at different points as it takes more 
steps to convert glucose to fructose-6-phosphate than converting fructose to fructose-6-phosphate 
(Mullarky & Cantley, 2015). It is important to note that K. hansenii does not have 
phosphofructokinase (Jacek, Dourado, Gama, & Bielecki, 2019; Velasco-Bedrán & López-
Isunza, 2007; Zhang et al., 2017; Zhong et al., 2014). Glucose is first converted into glucose-6-
phosphate and goes through a series of steps which then forms fructose-6-phosphate whereas 
fructose enters the pentose phosphate pathway and is converted into fructose-6-phosphate as the 
76 
 
first step of the pathway (Figure 7). When glucose is utilized as the primary carbon source, it 
generates two NADPH molecules which act as a recharger for other proteins or molecules that 
deal with oxidative stress (Pandolfi et al., 1995). When fructose is utilized as a carbon source, the 
cell is unable to generate these two NADPH molecules. Therefore, more ROS accumulates. 
Based on the results from the ROS assays, when K. hansenii was grown in SHF, a significantly 
higher amount of ROS was produced compared to when it was grown in SHG (Figure 18 - 20). 
Therefore, it would make sense that the utilization of glucose would generate NADPH and ROS 
accumulation would decrease whereas when fructose was used as carbon source, ROS 
accumulation was much higher as NADPH is not generated. When K. hansenii ΔGXYRSO_3165 
was grown in SHF, the doubling time was shorter compared to K. hansenii WT grown in SHF. 
This indicates that GXYRSO_3165 is receptive to the carbon source used and is responsible for 
slowing the rate of growth. Whether the response to carbon source is direct or indirect remains to 
be investigated, as ligand binding by GXYRSO_3165 was not determined in this study.  
When glucose is utilized as the primary carbon source, gluconic acid is produced, 
lowering the pH of the medium as was observed in this study (section 3.7) affecting the growth 
rate. A study found that K. xylinus ATCC 23769 grew twice as fast compared to K. hansenii 
ATCC 53583 which continued cellulose production after glucose was consumed, suggesting that 
gluconic acid may have been used as a carbon source (Kawano et al., 2002). This could explain 
why K. hansenii grown in glucose produces more cellulose compared to fructose as indicated in 
the pellicle assays (Figure 14, 17) and pellicle thickness measurements (Figure 18) conducted in 
this thesis.  
  Phytohormones slowed the growth of K. hansenii WT when grown in SHF or SHG 
(Figure 16 A-B). However, when the mutant was grown in SHG, the doubling time decreased 
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when phytohormones were added (Figure 16B). This means that GXYRSO_3165 functions to 
regulate the growth of K. hansenii when it is exposed to phytohormones and is responsive to 
carbon source. Addition of exogenous ethylene, ABA, or IAA in SHF grown cultures of K. 
hansenii WT and the mutant slowed growth with the most pronounced effect observed in IAA 
supplemented cultures  (from 10.5 hours to 15.5 hours; Figure 16A) whereas in K. hansenii WT 
there was a smaller increase (from 11 hours to 14 hours; Figure 16A). When K. hansenii WT 
was grown in SHG there was little to no difference observed with ethylene or ABA. However, in 
the mutant there was increased growth in response to ethylene (22 hours to 14 hours) and ABA 
(from 22 hours to 15 hours; Figure 16B). It is possible that GXYRSO_3165 negatively regulates 
ethylene and ABA using the GAF domain as a binding site and is also receptive of the carbon 
source; ligand binding assays would be needed to be sure. In plants, ethylene and ABA are 
connected where ABA is influenced by ethylene in the fruit ripening process in an “ethylene-
dependent” ripening manner (McAtee, Karim, Schaffer, & David, 2013). However, there was a 
decrease in growth when K. hansenii WT cultures were supplemented with IAA and grown in 
SHG (Figure 16B). In plants, IAA inhibits fruit ripening however K. xylinus does not produce its 
own IAA as it would be detrimental to its survival since the sugars from ripened fruit can be used 
as carbon source (Aharoni et al., 2002; Davies, Boss, & Robinson, 1997).  
Ethylene receptors (ETR1, ERS1, ETR2, EIN4, and ERS2)  negatively regulate the 
ethylene response in Arabidopsis thaliana and share homology to bacterial histidine kinases and 
two-component regulatory systems (Chang et al., 1993; Schaller & Bleecker, 1995). ETR1 is a 
hybrid kinase that contains a GAF domain (Aravind & Ponting, 1997). Histidine kinases are 
important in two component transduction systems where they act as a sensor of external stimuli, 
usually from the environment, to activate a kinase domain where in turn autophosphorylation 
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occurs on a specific histidine residue (Ulrich & Zhulin, 2010). GXYRSO_3165 is a methionine 
sulfoxide reductase that contains a GAF domain. There is evidence that methionine sulfoxide 
reductases can sense oxidative signals, usually from the environment, and modulate protein 
phosphorylation in A. thaliana (Hardin, Laure, Oh, Jain & Huber, 2009). Therefore, 
GXYRSO_3165 seems to be a putative ethylene receptor with similar qualities to histidine 
kinases. It is important to note that ETR1 and GXYRSO_3165 do not share sequence similarity 
when compared using a BLAST search even though they share similar functions such as ethylene 
perception. While GXYRSO_3165 appears to sense ethylene and was originally annotated as a 
histidine kinase, it performs other functions such as sensing other phytohormones like ABA and 
IAA (Figure 16) as well as oxidative stress (Figure 14). GXYRSO_3165 has not yet been tested 
to determine if it has kinase activity in Komagataeibacter spp. Therefore, in K. hansenii WT, 
GXYRSO_3165 using the GAF domain can detect phytohormones which in turn leads to slowed 
growth.   
While growth rate is affected, it is also important to determine how cellulose production 
is affected as the two can be dependent on each other. The BC yield was not significantly 
affected when exposed to phytohormones (Figure 17) which was not the case compared to 
previous work conducted in the lab on K. xylinus where phytohormones increased cellulose 
production (Qureshi et al., 2013). Considering that there is a difference in gene composition 
between these bacteria (Pfeffer, Mehta, & Brown, 2016; Pfeffer, Santos, Ebels, Bordbar, & 
Brown, 2017), this could account for the difference in reactivity to phytohormones and cellulose 
production between these species. There were no significant differences in pellicle thickness 
when phytohormones were added to K. hansenii WT or K. hansenii ΔGXYRSO_3165 cultures 
grown in either SHF or SHG (Figure 16).  The relationship between phytohormones and 
79 
 
cellulose production in K. hansenii does not appear to be as strong as in K. xylinus (Augimeri & 
Strap, 2015; Qureshi et al., 2013). The ability of K. hansenii WT to produce cellulose was 
unaffected by any phytohormone tested (ethylene, ABA, IAA).    
 While phytohormones did not affect cellulose production, it was determined carbon 
source did, given that K. hansenii WT and K. hansenii ΔGXYRSO_3165 cultures grown in SHG 
produced more cellulose compared to cultures grown in SHF. This is consistent with previous 
work conducted in the lab for both K. xylinus (Qureshi et al., 2013) and K. hansenii. However, 
BC yield increased with the exogenous addition of H2O2 to K. hansenii WT cultures grown in 
both SHF and SHG (Figure 13, 16). This suggests that BC plays a protective role against 
environmental stressors such as oxidative stress that can cause damage to cells; biofilms are 
employed by a wide range of bacteria to protect against oxidative damage (Soule et al., 2016; 
Svenningsen, Martínez-García, Nicolaisen, de Lorenzo, & Nybroe, 2018). Extracellular 
polymeric substances (EPS) and polysaccharides such as cellulose, are a major component of 
many biofilms which ultimately play a critical role in biofilm structure and stress protection 
(Nilsson et al., 2011; Pavithra & Doble, 2008). In Komagataeibacter spp., EPS production 
influences the structure of cellulose such as its crystallinity and ribbon assembly (Fang & 
Catchmark, 2014). Therefore, it would make sense that K. hansenii, in times of exposure to 
oxidative stress, would increase cellulose production to protect itself. However, when mutant 
cultures were grown in SHF or SHG, there was no increase in cellulose production (Figure 13). 
This indicates that GXYRSO_3165 is sensing oxidative stress and directly increasing the 
production of cellulose as a defensive measure.   
In Pseudomonas putida mt-2, it has been shown that cellulose plays an important role in 
its survival in the phyllosphere (total above-ground portion of plants; Svenningsen, 2018). The 
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phyllosphere is an area that is exposed to environmental stressors that can generate toxic reactive 
oxygen species (ROS). Therefore, an increase in the production of cellulose indicates that the 
organism is attempting to protect itself. Bacteria have evolved mechanisms to deal with oxidative 
stress and being able to employ biofilms is tightly connected to defense from ROS (Soule et al., 
2016). Another defense includes methionine sulfoxide reductases. Therefore, it is proposed that 
GXYRSO_3165 is an MsrC (free methionine-(R)-sulfoxide reductase) based on the PHYRE2 
structural model. Whether GXYRSO_3165 exhibits enzyme activity as was shown for the E. coli 
fRMsr (Lin et al., 2007) remains to be investigated and is beyond the scope of this thesis. The 
functional role of GXYRSO_3165 is that of a sensor of environmental signals including 
oxidative stress and phytohormones, playing a role in regulating cellulose production to provide 
protection from oxidative stress.  
Since GXYRSO_3165 responds to ROS, ROS assays were conducted and showed a clear 
difference in the amount of ROS produced in fructose- and glucose-grown K. hansenii WT and 
the mutant. K. hansenii WT and the mutant cultures grown in SHF produced ~100x the amount 
of ROS compared to when they were grown in SHG during mid-log growth and less in late-log 
(~3x less). However, during stationary phase for both K. hansenii WT and K. hansenii 
ΔGXYRSO_3165, a higher level of ROS was detected (~10x) while cultures grown in SHF 
remained relatively the same. A possible reason for the observed difference could be due to the 
pentose phosphate pathway. During the pentose phosphate pathway, glucose and fructose enter at 
different stages which result in different metabolic products. When glucose is the primary carbon 
source, it is converted into ribulose-5-phosphate through a series of enzymatic reactions 
generating two NADPH (Berg, Tymoczko, & Stryer, 2002a; Mullarky & Cantley, 2015). 
NADPH is important in that it provides reducing power for enzymes and proteins, including 
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those involved in the oxidative stress response as it acts an electron donor.  NADPH is also 
involved in biosynthetic reactions and metabolism as well as acting as the primary driving force 
for DNA and lipid synthesis (Minard & McAlister-Henn, 2005; Mullarky & Cantley, 2015; 
Singh, Lemire, Mailloux, & Appanna, 2008). NADPH provides cells with the ability to handle 
oxidative stress and reduce the amount of ROS that accumulates by providing reducing power 
(Lim, Jung, Shin, & Lee, 2002). The mechanism in which this occurs is through the reduction of 
oxidized disulfide bonds where thioredoxin reductase transfers electrons from NADPH to 
thioredoxin (Pandolfi et al., 1995). As NADPH is used as a reducing agent to combat ROS 
induced damage, NADP+ levels increase (during glycolysis NADP+ is generated through the 
conversion of glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate) which stimulates the 
oxidative branch of the pentose phosphate pathway to produce more NADPH in order to 
maintain cellular reducing power (Lim et al., 2002; Pandolfi et al., 1995; Figure 7). 
In addition to ROS accumulation being affected by NADPH, ROS can also influence 
cellular metabolism. Excessive oxidation can lead to metabolic failure and compromise cell 
viability by deactivating enzymes crucial for glycolysis such as glyceraldehyde-3-phosphate 
dehydrogenase (GADPH) which is deactivated under oxidative stress (Cecarini et al., 2007; 
Costa, Amorim, Quintanilha, & Moradas-Ferreira, 2002; Grant, Quinn, & Dawes, 1999). 
Metabolism is one of the fastest responders within the cell and is rewired within minutes of 
exposure to oxidative stress (Lemire, Alhasawi, Appanna, Tharmalingam, & Appanna, 2017). 
This promotes an antioxidant response that is independent of transcriptional or signaling 
pathways. The presence of oxidative stress or ROS promotes the antioxidant response by using 
NADPH to alleviate the problem and reroute into the pentose phosphate pathway to reduce 
NADP+ into NADPH (Christodoulou et al., 2018). Therefore, it seems that when both WT and 
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mutant K. hansenii cultures were grown in SHF, they lacked sufficient NADPH production 
which led to a high level of ROS accumulation, whereas K. hansenii cultures (WT and mutant) 
grown in SHG had a much lower amount of ROS accumulation due to NADPH being produced 
and providing reducing power to combat oxidative stress (Figure 19 - 21).  
It is interesting to point out that the mutant produced much less ROS than K. hansenii 
WT at all growth stages (mid-log, late-log, and stationary). GXYRSO_3165 encodes the MsrC 
protein which reduces free Met-S-SO as the PHYRE2 model would suggest (Figure 10) and it 
would be expected that by knocking out GXYRSO_3165 there would be a noticeable increase in 
the amount of ROS produced however, this did not occur (Figure 19 - 21). A reason for this 
could be an increase in the expression of other oxidative stress genes, such as msrA, to 
compensate for the lack of GXYRSO_3165 activity. In P. putida mt-2, ROS accumulation leads 
to a higher activity of oxidative damage defense systems that play a protective role (Svenningsen 
et al., 2018). Therefore, the function of GXYRSO_3165 as a sensor of ROS regulates some 
downstream pathways that activate/inhibit other proteins involved in the oxidative stress 
pathway. 
Addition of phytohormones (ethylene, ABA, IAA or Z) decreased ROS production in 
both glucose and fructose grown cultures during mid-log, late-log, and stationary growth (Figure 
19-21). Zeatin was included in the ROS experiment because a study conducted by Wang et al. 
(2017) determined that exposure to cytokinin caused the degradation of c-di-GMP which in turn 
activated the oxidative stress response in X. campestris. Therefore, addition of Z to K. hansenii 
cultures was tested to determine if ROS levels were affected as an oxidative stress response may 
be activated. The ROS level in the presence of Z did not differ significantly when compared to 
the other phytohormones used in the experiment (ethylene, ABA, or IAA) therefore, it was 
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decided that Z would be excluded from further experiments (Figure 19 - 21). In Arabidopsis, 
trans-zeatin closes the stomata which leads to a buildup of ROS and provides protection from 
bacteria (Arnaud et al., 2017). In bacteria such as Xanthamonas campestris, cytokinin (zeatin) 
binds to PcrK, a virulence regulator, which modulates the phosphorylation level of PcrR which 
in turn degrades c-di-GMP promoting bacterial tolerance to oxidative stress (Wang et al., 2017). 
In pathogens such as P. aeruginosa, c-di-GMP promotes resistance by increasing biofilm 
formation (Strempel, Nusser, Neidig & Overhage, 2017). The results in this thesis shows that Z 
causes a decrease in oxidative stress caused by ROS in K. hansenii WT (Figure 19 - 21).     
 Transcriptional analysis indicated that expression levels of msrA, msrC, metK, rhtB, and 
bcsA were altered due to growth in different carbon sources (fructose or glucose), exposure to 
oxidative stress (H2O2), or exposure to phytohormones (ethylene, ABA, and IAA). It was 
predicted through protein modelling that GXYRSO_3165 is a free-methionine-(R)-sulfoxide 
reductase, MsrC containing a GAF domain (Figure 10). The selected genes were chosen based 
on their relationship to MsrC. MsrA was selected as a gene of interest as it is a methionine 
sulfoxide reductase responsible for both free- and protein- bound methionine sulfoxide (Lee et 
al., 2008; Moskovitz et al., 2001; Moskovitz et al., 2000; Zhao et al., 2013). Therefore, by 
knocking out GXYRSO_3165, it could be determined if msrA is affected at the transcriptional 
level to compensate. metK was selected as it encodes an S-adenosylmethionine synthase which 
makes SAM (Markham et al., 1984; Wei & Newman, 2002). Methionine is the precursor to SAM 
and based on the importance of methionine within the cell during oxidative stress (methionine 
sulfoxide), metK may be affected transcriptionally when GXYRSO_3165 is knocked out. In 
addition, SAM is the precursor to ethylene and transcription of this gene may be affected during 
exposure to phytohormones. To add to this, the GAF domain in Arabidopsis is involved in 
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ethylene signaling (Grefen et al., 2008; Xie, Liu, & Wen, 2006). rhtB was selected for its 
involvement with the export of homoserine/homoserine lactone out of the cell as a stress 
adaptation response (Zakataeva et al., 2006). Homoserine is also the precursor to methionine. 
Therefore, rhtB expression may be influenced by the lack of GXYRSO_3165 due to the 
knockout mutation and the resulting stress response. bcsA was selected as BcsA is responsible 
for cellulose synthesis (Amikam & Benziman, 1989; Bureau & Brown, 1987; Omadjela et al., 
2013); cellulose provides protection from environmental stressors. 
A higher level of expression for all genes tested (msrA, msrC, metK, rhtB, and bcsA) was 
observed for K. hansenii WT and K. hansenii ΔGXYRSO_3165 cultures grown in fructose when 
exposed to oxidative stress compared to those grown in glucose when exposed to oxidative 
stress. A reason for this could be that NADPH is not being produced when fructose is used as the 
primary carbon source whereas glucose generates NADPH which provides reducing power for 
the cell (Berg et al., 2002a; Cochrane, 1991; Mullarky & Cantley, 2015). The higher level of 
expression of msrA, msrC, metK, rhtB, and bcsA observed during mid-log could be occurring to 
compensate for the lack of NADPH for reducing power. This would make sense as ROS levels 
were very high during mid-log for fructose grown cultures (Figure 19 A, C). It is interesting to 
note that msrA, msrC, metK, rhtB, and bcsA in the mutant did not demonstrate the same effect as 
K. hansenii WT when grown in fructose and with oxidative stress instead, there was a decrease 
in the level of expression for msrA, msrC, metK, rhtB, and bcsA. This may indicate that 
GXYRSO_3165 is a sensor of oxidative stress and indirectly upregulates other genes involved in 
the response.  
During mid-log when K. hansenii ΔGXYRSO_3165 was grown in SHG and exposed to 
H2O2, increased expression was observed for msrA (+0.59) and rhtB (+0.48) compared to K. 
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hansenii ΔGXYRSO_3165 grown in SHG without H2O2. This may be due to MsrA only being 
able to reduce Met-S-SO whereas MsrC is able to reduce Met-R-SO (Denkel et al., 2011; García‐
Santamarina et al., 2013; Zhao et al., 2013). MsrA is critical in defending cells from oxidative 
damage (Moskovitz et al., 2001; Moskovitz et al., 2000) and it is suggested that under oxidative 
stress conditions,  msrA is transcriptionally upregulated as it is one of the most important Msrs 
(Alamuri & Maier, 2004; Lei, Zhang, Guenther, Kreth, & Herzberg, 2011; Singh et al., 2015; 
Vattanaviboon et al., 2005). Therefore, the increased expression of msrA observed in the mutant 
indicates that MsrA may be able to sense the accumulation of methionine sulfoxide and attempt 
to counteract it. There was increased expression for rhtB in the mutant grown in SHG with H2O2 
compared to cultures grown without H2O2. RhtB is involved in the stress response by exporting 
homoserine/homoserine lactone. During times of stress, such as oxidative stress, rhtB genes have 
increased expression (Zakataeva et al., 2006). Therefore, with the lack of GXYRSO_3165, rhtB 
expression may be increased under oxidative stress which was observed in the mutant when it 
was grown in SHG during both mid-log and stationary growth but not SHF. This indicates that 
GXYRSO_3165 may act as a signaling protein, oxidative stress (H2O2) is the signaling molecule 
and that carbon source plays a role in the stress response as the levels of ROS greatly vary 
between SHF and SHG (Figures 19-21).  
During stationary phase, there was an observed increase in expression for msrA (+0.40), 
metK (+1.15), rhtB (+1.22), and bcsA (+0.79) when the mutant was grown in SHG. However, 
there was much lower level of expression when the mutant was grown in SHF with H2O2 (msrA: 
0.15, metK: -0.68, rhtB: -0.25, and bcsA: -0.58: Figure 25B). The lack of GXYRSO_3165 
demonstrated an increased expression of metK, rhtB, and bcsA when SHG is the sole carbon 
source. Therefore, without the presence of GXYRSO_3165, there is a decrease in the expression 
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of metK, rhtB, and bcsA during stationary phase when grown in only glucose indicating that 
carbon source plays an important role in regulating the selected genes as well.  
 Phytohormones influenced gene expression in K. hansenii. During mid-log, K. hansenii 
WT cultures grown in SHG or SHF exhibited decreased expression for msrA, msrC, metK, rhtB, 
and bcsA when treated with ethylene, ABA, or IAA (Figure 25, 26). There was an increase in 
expression of msrC (+0.54) and metK (+1.21) when K. hansenii WT cultures were grown in SHG 
and exposed to ethylene (Figure 25, 26). This increase in expression for msrC and metK did not 
occur in K. hansenii WT when grown in SHF and exposed to ethylene. metK is responsible for 
the synthesis of SAM (Dryden, 1999; Fontecave et al., 2004; Markham et al., 1984; Wei & 
Newman, 2002; Zhao et al., 2015). Ethylene production begins with the conversion of SAM into 
1-aminocyclopropane-1-carboxylic (ACC) acid (Westfall, Muehler, & Jez, 2013). ACC is then 
converted into ethylene through an oxidation reaction by ACC oxidase. Therefore, a higher level 
of SAM production is linked to a higher level of ethylene production. It is also important to note 
that K. xylinus was shown to produce ethylene, and while K. hansenii was not tested for 
phytohormone production, this could be possible and should be tested in the future. Therefore, 
GXYRSO_3165 may be sensing ethylene using the GAF domain and acting as a sensor that 
passes on information to a unknown response regulator. It was also interesting that bcsA was    
upregulated (+0.52) when K. hansenii WT cultures were grown in SHG and exposed to IAA, 
however, in the mutant it was significantly down regulated (-2.65: Figure 25A, 26A). This 
suggests that GXYRSO_3165 can detect and respond to other phytohormones in addition to 
ethylene. This is supported by the results of the growth curve studies where the doubling times 
varied when phytohormones were added to the growth medium (Figure 16).  
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While mid-log has provided insight into the gene expression during middle stages of 
growth, stationary phase provides a different story. During stationary phase, msrA was down 
regulated when K. hansenii WT was exposed to ethylene, ABA, or IAA in either carbon source 
(SHF or SHG). However, in the ΔGXYRSO_3165 mutant, msrA was up regulated when exposed 
to ethylene, ABA, or IAA regardless of carbon source (SHF or SHG). metK was up regulated in 
both WT and ΔGXYRSO_3165 mutant cultures grown in SHF or SHG and exposed to ethylene, 
ABA, or IAA. A reason for the observed effect of ABA on metK during stationary phase, could 
be explained by the interaction of ABA and the S-adenosylmethionine synthetase. In Medicago 
satvia, ABA modulates the expression of MfSAM1, a plant-associated S-adenosylmethionine 
synthetase (Guo et al., 2014). For example, an increase in the levels of ABA lead to an increase 
in expression of MfSAM1. This is similar to the observed metK expression levels in K. hansenii 
(Figure 25, 26). Ethephon (ethylene) and ABA have both been shown to enhance the expression 
of the S-adenosylmethionine synthase in potato plants (Kim, Kim, Palaniyandi, Yang, & Suh, 
2015). These findings parallel those observed in the transcriptional analysis during the stationary 
growth phase for metK in K. hansenii WT and the mutant where the presence of phytohormones 
(ethylene, ABA, or IAA) increased the expression of metK in either carbon source (SHF or 
SHG). There is little to no research regarding the influence exogenous phytohormones have on 
metK in K. hansenii. rhtB decreased expression (-2.78) when K. hansenii WT cultures were 
grown in SHF and exposed to ethylene however, in the mutant expression increased (+0.25). 
Expression of bcsA in K. hansenii WT increased when SHF was the sole carbon source whereas 
there was a significant decrease when grown in SHG (Figure 25B, 26B). However, the mutant 
cultures grown in SHG and exposed to either ABA (+0.33) or IAA (+1.49), showed an increase 
in expression for bcsA. Qureshi et al. (2013) showed that ethylene, ABA, and IAA enhanced 
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cellulose production in K. xylinus, whereas the work conducted on K. hansenii in this thesis 
demonstrated that phytohormones decreased expression of bcsA and did not affect cellulose 
production (Figure 17). Therefore, this indicates that GXYRSO_3165 is involved in the BC 
regulatory pathway where cellulose production decreases in the presence of ethylene, ABA, or 
IAA.  
5. CONCLUSION 
 The objective of this project was to functionally characterize GXY_RSO3165. Protein 
modelling indicated that GXYRSO_3165 was an MsrC (free methionine sulfoxide reductase). 
The growth kinetics study indicated that the knockout mutant grows faster in medium containing 
fructose as the sole-carbon source suggesting that GXYRSO_3165 is able to sense the carbon 
source and either directly or indirectly slow down growth in order to allocate metabolic resources 
into other cellular functions such as cellulose production. GXYRSO_3165 was receptive to 
exogenous oxidative stress (from H2O2) where cellulose production was increased as a result. 
GXYRSO_3165 was also receptive to ethylene, ABA, and IAA where the doubling times 
increased when K. hansenii WT was treated with phytohormones. In K. hansenii WT, a higher 
level of ROS was observed indicating that GXYRSO_3165 is involved in regulating ROS levels. 
Finally, carbon source affected the expression levels of msrA, msrC, metK, rhtB, and bcsA. K. 
hansenii WT cultures grown to mid-log in fructose tended to have a higher level of expression 
for msrC, metK, rhtB, and bcsA compared to cultures grown in glucose. A graphical summary of 
the results can be seen in Figure 27. Therefore, based on the results of this thesis, we propose 
that GXY_RSO3165 is MsrC that contains a sensory GAF domain that is responsive to both 
oxidative stress and phytohormones and can coordinate cellular functions such as growth and BC 










Figure 27: Model for carbon source, oxidative stress, and phytohormone effects in K. hansenii. 
Model shows the effects of phytohormones and oxidative stress on the growth and cellulose 
production and gene expression. Fructose increased growth but decreased cellulose production 
whereas glucose decreased growth and increased cellulose production. Oxidative stress increased 
cellulose production in both fructose and glucose. Ethylene and ABA increased the doubling 
time in fructose and IAA decreased the doubling time in fructose and glucose. K. hansenii WT 
cultures grown in fructose exhibited increased expression of msrA, msrC, metK, rhtB and bcsA 
whereas glucose decreased expression of these genes. Ethylene, ABA, and IAA decreased the 
expression of msrA, GXYRSO_3165, metK, rhtB, and bcsA when K. hansenii was grown in 
fructose. IAA increased the expression of msrA and bcsA when K. hansenii was grown in 
glucose. Ethylene increased the expression of GXYRSO_3165 when K. hansenii was grown in 




6. FUTURE WORK 
 
 In order to confirm the results of the transcriptional analysis conducted in this thesis, two 
more biological replicates should be conducted where RNA samples can be pooled from 
biological replicates in order to confirm the reproducibility of the results. 
To further elucidate the role of GXYRSO_3165, knockout mutants of msrA, metK, and 
rhtB could be made to functionally characterize the role these gene products play. msrA 
expression varied for oxidative stress and showed upregulation in the presence of IAA, therefore 
it would be interesting to see what would happen at the transcriptional level if msrA was knocked 
out. There is a lack of information pertaining to phytohormone influence in bacteria therefore, 
knocking out metK to understand its impact from phytohormones would be novel. rhtB 
expression was enhanced under oxidative stress in fructose and during stationary phase, and it 
exhibited increased expression when phytohormones were added. Alongside metK, it would be 
novel to determine how rhtB is influenced by phytohormones and ultimately how both these 
genes affect expression levels of GXYRSO_3165 as it is a putative sensor of phytohormones.  
 To expand upon the influence of phytohormones on GXYRSO_3165, K. hansenii WT 
could be tested for endogenous production of phytohormones under different carbon sources, 
oxidative stress, and phytohormones separately and then compared to K. hansenii 
ΔGXYRSO_3165. These results could then be further compared to previous work conducted in 
the lab on K. xylinus phytohormone production. Knockout mutants of msrA, metK, or rhtB could 
also be analyzed to determine if they are also influenced by phytohormones, and whether they 
affect endogenous phytohormone production.  
There is a lack of research pertaining to the binding of ligands to the GAF domain where 
the most well-known molecules are as the name suggests: cyclic GMP binding 
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phosphodiesterases, Anabaena Adenylyl cyclases, and the E. coli transcription factor FhlA 
(Aravind & Ponting, 1997; Lin et al., 2007; Soderling & Beavo, 2000). Based on the results of 
this thesis, it is evident that more molecules are capable of binding to the GAF domain therefore 
in order to determine the binding of ligands to the GAF domain located on GXYRSO_3165, 
thermal shift assays could be performed to determine if firstly ROS or phytohormones bind to 
the protein to directly compare results to the work done in this thesis and to determine what 
exactly binds to the protein (Huynh & Partch, 2015; Pollard, 2010). Initially, this assay requires 
the protein of interest to be purified which can be performed by affinity chromatography. Crude 
extracts of proteins can be passed through the column of beads containing covalently attached 
cyclic nucleotides (Berg, Tymoczko, & Stryer, 2002b). Since GAF domains are known to bind 
cyclic nucleotides at low concentrations (Ho et al., 2000), the GAF domain containing protein 
would bind to the column based on its affinity for cyclic nucleotides. The column would then be 
washed with a concentrated solution of cyclic nucleotides to release the proteins of interest from 
the column. Thermal shift assays can then be performed using a qRT-PCR machine where 
proteins of interest are incubated with a fluorescent dye (SYPRO orange) in a 96-well plate 
(Huynh & Partch, 2015). SYPRO orange binds to hydrophobic surfaces so as the temperature 
increases and the protein begins to denature and open-up its hydrophobic surfaces, the dye then 
binds. Stabilization of the protein can occur upon binding of ligands to the domain therefore, 
small molecules such as phytohormones or ROS can be added to solution and can be observed as 
the melting temperature changes based on the molecules binding. Thermal shift assays are 
inexpensive while still being able to provide an initial screening to determine which ligands are 
binding to the protein of interest.  
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With the GXYRSO_3165 protein being purified, X-ray crystallography can be performed 
to confirm the structure of GXYRSO_3165 (Büttner, Renner-Schneck, & Stehle, 2015). This can 
then be compared to known MsrC proteins to show that GXYRSO_3165 is in fact MsrC. The 
goal of X-ray crystallography is to crystallize a high concentration sample for the protein of 
interest and obtain the three-dimensional structure, atomic details, and folding of the protein. The 
diffraction patterns from the X-ray can be observed and analyzed which can give information 
about the structure of the protein such as the size based on electron densities from different parts 













RNA Extractions (Mid-log, Late-log, and Stationary) 
 
RNA extractions were performed in order to extract high-quality RNA in order to 
synthesize complementary DNA (cDNA) for use in transcriptional analysis. It is important to 
have high-quality RNA with no gDNA contamination as this would render gene expression data 
useless.  
 
Figure A1: RNA Extractions performed during mid-log growth (0.4 – 0.6 OD600nm). Various 
conditions were used such as different carbon sources, oxidative stress, and phytohormones. The 






Figure A2: RNA Extractions performed during late-log growth (0.4 – 0.6 OD600nm). Various 
conditions were used such as different carbon sources, oxidative stress, and phytohormones. The 






Figure A3: RNA Extractions performed during stationary growth (0.4 – 0.6 OD600nm). Various 
conditions were used such as different carbon sources, oxidative stress, and phytohormones. The 















Primer Validation (16S, rpoA, msrA, msrC, metK, rhtB, and bcsAB) 
 
 Primers were validated to ensure that a single product was being amplified (indicated by 
a single peak at 85 °C). This ensured that the gene of interest was the only product being 
amplified from cDNA. 
 
Figure A4: 16SrRNA melt curve analysis. Green lines represent cDNA amplification. This 





Figure A5: rpoA melt curve analysis. Green lines represent cDNA amplification. This primer set 
produced a single amplicon indicating that the primers are specific to the gene being targeted. 
 
Figure A6: msrA melt curve analysis. Green lines represent cDNA amplification. This primer set 
produced a single amplicon indicating that the primers are specific to the gene being targeted. 
 
Figure A7: msrC melt curve analysis. Green lines represent cDNA amplification. This primer set 




Figure A8: metK melt curve analysis. Green lines represent cDNA amplification. This primer set 
produced a single amplicon indicating that the primers are specific to the gene being targeted.   
 
Figure A9: rhtB melt curve analysis. Green lines represent cDNA amplification. This primer set 




Figure A10: bcsA melt curve analysis. Green lines represent cDNA amplification. This primer 
set produced a single amplicon indicating that the primers are specific to the gene being targeted. 
 
Standard Curves (16S, rpoA, msrA, msrC, metK, rhtB, and bcsAB) 
 
 Standard curves were performed to ensure that the primers being used are efficiently 
amplifying the gene product and to determine the appropriate quantity of cDNA to use. All 
standard curves produced efficiencies (E) between 90% and 110% with R2 values over 0.97. All 






Figure A11: qRT-PCR standard curve analysis for 16SrRNA. The efficiency (E) calculated was 
between 90% and 110% (101.8%) with R2 values of over 0.97.  
 
 
Figure A12: qRT-PCR standard curve analysis for rpoA. The efficiency (E) calculated was 




Figure A13: qRT-PCR standard curve analysis for msrA. The efficiency (E) calculated was 
between 90% and 110% (104.4%) with R2 values of over 0.97. 
 
Figure A14: qRT-PCR standard curve analysis for msrC. The efficiency (E) calculated was 




Figure A15: qRT-PCR standard curve analysis for metK. The efficiency (E) calculated was 
between 90% and 110% (107.7%) with R2 values of over 0.97. 
 
Figure A16: qRT-PCR standard curve analysis for rhtB. The efficiency (E) calculated was 




Figure A17: qRT-PCR standard curve analysis for bcsA. The efficiency (E) calculated was 
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